


HYDRAULICS AND ITS APPLICATIONS 




JiYURAULlCS‘A?s[D ITS 
APPLICATIONS 


DV 

A. II.'GIBSON, 

D.sr., ARsor. MI M. issT. c.i:., mi sj. innt. Mpni. r., r.i^.s.K. 
a 

Professor of Eui'inccrini' in the I 'niirrsily of St. A luiracSf 
Viirocrsily College, Duiulee 


Sh'COKD EDITJON. REVISED AND ENLAKUKD. 


LONDON 

CONSTABI.E & G^IMI’.^NY LTD 
10 & 12 ORANGE STREET L.EICESTER SQUARE WC 
1920 



PtrsI Published • • 

iiccvnu hdiiion - - lyi^. Pcf>ytHlcfJ ;yi', I'ji'j. 



PRlfF^^CE 


• Weiik wttldv a iioii-viseans, iii(*IaSlic fliiul, wlifiKo particles, 

^len in nioticni.^ilwavs I'ulloweiJ sciihihly pnfiillel piiUis, iljilraulics 
wotilil 1 >(! one of tlio most ('xact of tlie sciences. 

]!iiAvnt«' satisfies 110^10 of these comlitioiis. and the result is that in 
Jihe inajorily of cases lir(nv>,^lit hefore th(> engineer, motions a,nd forces of 
such complexity are introduced as hallle all attempts at, a i-tgorou'fe 
solution. , 

This heiiif; so. the host that can hedoiu' is to discuss each ])henomenon 
on the assumption that the fluid in molion is jierfect, and to modify'the 
results so obtained until (hey lit the resiiltui of experiment, Iry the intro¬ 
duction of some emjiirical constant which shall invidvc tlio effect of (tvery 
disregarded factor. 

It is woi'th while here impressing on llie student of the .science that, 
■ipt^ from these exiiorimenlaliy-dodneed c.mislanls, his theoretical results 
are,^ the lii'st, only ap|)roxiimilions to tlie truth, and mi^-, if cai'(;^bo not^ 
lalieii in their interpretation, h,* acinally misleadinj>.' 

On the other hand, it may he welJ to answer the criticism of those who, 
would cavil at such theoretical ti'ealnuint, liy pointiag out that the results 
so obtained lu'ovide the only rational framework on which to erect the 
more complete striielure of hydra lilies. 

In the following jiuges an a(tem|it has heeii^nade to yensider the 
science, and its application to the design of Hydraulic Machinery, in a 
mfiwiisr suitable for a student who lias some in'itial knowledge of 
ufechanics. 

W^iile *\vritton priiilarily with the needs of a sliulent in view, it is, 
howiver, hojied that the hook may iirove of value to such as'itre actively 
engaged iii,ftlie practice, and profession of Hydraulic Engineering.^ 
AHlpmgti jt has not been atlempted to pliule the largely imaginary 
(Tifficiiltj.»s of a mathematical tre iliiient iiivolynig sn;ne knowledge of the 
Dilferontial and liilegral (ialculus, the knowledge of this subject which 
is aeTessary for a thorough grasp of ll.’o greater part of Utp book is very 
slight. 

Where, as in soni* few puragraplis, a someffliat nioiie cxtemlea 
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mathemjitical ItiKjwKMrgc is re(j*uired, tiii! worli is sncIi as may safelyj^ 
left by all but the inftrc ndvifiml (itiulciit of tlic siihject. 

In the section d(A’oUid td llydriUilic Machinery, it has ftot been 
attempted to deal in aMy way exhaustively will) I he subject, anil only^ 
>Buch machines have hi'cn i'lusiratcd' -r di‘sci'il)ed as aic typical of their 
class, rc^iresent eo^d mialeni dosin',i, ainf illustrate some deliiiite ])rineijile^ 
of construction. Em' ojai^ of these ilfostrations the Aiilhor is indoMefl 
to the maniffactiirers, ami «fnlo refiirence has been made to these in theP 
text, he would tain; this’oiiporlunily o^thanKino theni •collectively for tjj(e 
help which thp' have, so courteously tendered. , ^ 

As was essential, reference has been fi'eely m»de to the niiitutes Of thi! 
proceodiiiKS of thi! various Kn;;hsh ano Amefican sia-ielies, and to th* 
finglisli and (lernian te.ehnica.l la'e-^- as well as to standard wovhs on 
the suhject. Of these i. u Author is particularly ifldehted to the Councils 
of the Institution id' ('i\il '■'.neineei's, tiie Institatien ol Mecliani.-al 
Engineers, the American Soeieti of Civil I'lneineer-, the /ii'itxdinj: ih'n 
VcrniiH ilnitui Inr /u'/rae'ine. '. 7 o' /•.iiiiinii r, a.'id Kiiijiii' ri iiiij. 

The greatest d('ht of ail is, however, ow iii}.'I) the teachings ami piih- 
lishod papers of his old profe; sor a*iil some time chief, Oshome Iteynoids. 
Old htudenls of the I’rofessor will I’dadily recognise to what O' lent any 
slight merit which the hook ma\ [losse.ss is dm, directli or indire 
jto tbe jnllneneeof one, to whom the science of Hydraulics owis so much. 

In (“onclnsion llu' .Author would tenderVus thanks to Mr. S. Chapman, 
,to Mr. E. Magson, and to Aifr. C. 11 . Lander and Mr. F. I’ickford, of the 
Manchester Universit;,', each of whom ha.s revised a portion of the proofs 
and to whose kindly criticism and suggestion the hoijk owes much. 


Ma-vciiksteii, 

Felimry, ll'OS. 


A. 11. GILSON. 



PREFACE ro SECOND EDITION 

Sii^R the first editio* of this work appearc'd, a f,'reat d^al of work has 
heoii done on the oxperiAiental sid<i of Hydraulics, and as far as possible 
suclVwork has heen noteef in the present edition. 

The liook has hecni ])ractically rewritten. Muclj of the original matter 
hasl)(;e,n re-arrangc'd ; sonnilias heen deleted; ..nd considerable additions 
have heen made to almost every section, jiarticiilarly to those dealing 
with How over weirs, through pip(!s, and in oiien channels; with methods 
of gauging such flows; and with the mechanical applications of Hydraulics. 
.\ chapter d(!aling with wave motion has been added, as have articles 
dealing, among other subjc'cts, with the flow of fluids other than water, 
the admi.xturo of fluids in jiipes, and the interaction of passing vessels. 
\wch errors as have bec.n notictal in the first edition have been 
corrected, and tlu! Author woujd thaidv those readers whase kindness antj 
courte.sy in intimating these, has made their elimination largely possible. 


In .M)KK, 
October, 


A. II. GIBSON. 
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I.1ST OC SYMBOLS AS GKNERAI^.Y ADOPTED 
THKOlIGHOUr THE JiOOK 
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,, ,, I m c’liMC c)f a turbiiio or 

Jhdiul ,, ,, ( (vutriluj'al puiinL 

(^ndlicipnt of friotion (in pijH* How'. 
yViif^ulnr volocity in radiuiid per suooiid. 

IWius iii 

j Pipe diftmottsrs in foot. 


j Art'us in square ,toi 


■ot. 


in feet 

Jl ulraiilic mean depth. 
Slope (»t' a channel. 
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Ileul in foot of water. 


IV ssiiro—usually in lbs. ])cr square foof o, 
Weij'ht of 1 cubic foe* of water = 6*2'4 Iba. 
y2'2 fp}H. per second per hccoikI. * 

1 nsity of water r= II' 4 - y. 

Quantity in cubic foot per second. 
Coefficient of viscosity. 

Jjfliciency. 

Work done. 






HYDRAUIJCS AND ITS 
APPLICATIONS 

SKrfloN L 

<'liAl"l'i;i; 1 . 

Inliit'liif'tory - Ilisiniir.il rii\suM) l’i(>|M-iln’v of W.itiT •'’ompirssihilil ^ 

< '.'iH'Mon -A«llirsion - l’.‘i[iillaNty—Slit':u •* 'J\ ii-.iiin \ oMt y. 

IniK oiiu'i'oia-■ I'ini-K'M. I'noi'ioifiins uk \V.\ri:i;. 

Aiit. 1.— Ih niiii.Micrii vnics. 

• 

'I'lin scicni’c uliicli iloiils wllli liijin is ai rest nr in niniimi iiiii_v)i(', liiviilcd 
iiilii Iwd l.ranclirs: Hydrostatics, wlilcli ili-.ils wiili fin; ri|iiililiniuii nl 
ll.|iinis ill I■l•^(: iiinl Hydrodynaiij’cs, \iliicli ilciils uil.li the ;»riil)lcii«>. mii- 
iirdi'd \iitli tlii ir ninlioii. Tlin Innii Hydraulics is iisu,iil\ l)|•llillliy a|i|ilii'il 
t.. Iliiil ii.iilimi of tlir liitlor linnii'li wliicli .Inils uilli Iho inolioji of wiifor 
111 so fill' ns lliis is of iiii|iort,iiic.r in llio pnifilonis liioiiolit iliroi-ilv inidiii' 
I lie 1 ' .1 ico of 1 lie riipiiii'i'l'. 

A kiiowioilor of till' fiiniliiiilriiliils of ) iMlrostiil ics is, liourvcr, so cssonfiiil 
to 11 tlioroiioli Kriis|i of llio ))riiii'i|ili‘s of ll\ilioilyiiii,niics, luiiris of such 
ilil'ciif iliiliorliiiico to the liviinuilir fiioiiii'or, lljiit ii trci^tiso on I lydi'iuilics 
woiild not hi' coiiipicli' without soiiio pi'oliiiiiimry In-atmcntof tin's‘liraiich 
cd flic siihicct. 

Tli%orif;in of llic science, is of prcal untiipiity, and iiit atleiiqit will ho 
niiide tiO ijive i^ dotailed liistoriciil H'tiuiitr of jis pnowtii. ,Soiiiii fi^v of ^lie 
principles .if^llydrostiitics were, enuiiciafed hy Arcliiiiiedcs (l•,.e. lind), and 
it is'*a reiijiJl'kahle ^ict ihat for I,MOD years frSnii<^iis diile — iiiitii the tinio 
of Steviuus, (ialiloo, and 'J'orric.elli—practically no fifi'tlier [iroore.ss wiis 
iii-iii,, ^ 

1 lie constriicfion of f,lie, idahonite se.’tes of aipiediicts luid of service 
liijics for sufiplying Jluiife with water indeed slio^s Ihifl the Komaiis 
pos&(|iB(‘d some knowledge of the properties of water when pt rest and 
n.f. 
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vhBU in motion in pifies at d open channels, but we have no record that 
knowledge was base^ ol any quantitative laws. * 

A treatise by SteVinus, written about 1585, would api^ar*to^follow 
^Storically that of Aaliimedes. In this the nietljo(f of obtaining the 
pressure of a liquid on the sides and l|jasy of a containing vessel was firs^ 
demonslratud. 

Galileo, in a treatise jiiiUtished in l(il‘2, discussed the Hydrostatic 
Paradox and also the flotation of bodies in watftr. • 

Shortly afterwards Torricelli made ifn important investigation into the 
behaviour ofii jet when is.suing yrticallyfrom afi orifice, while, since the 
middle of the seventeenth century, numerous ievestigators have'been at 
work deducing by experimental observation add theoretical reasonyig the. 
laws governing the various manners of motion of liquids, and applying 
these laws to the develymient of the science of Hydraulics. Of those 
experimentalists perhaps Mariotte, Bernoulli, and D'Alembert, with 
Pofeeuille, Darcy, and Bazin in Prance; llankine, Pyoude, Osborne 
Reynolds and .lames Thoma-'n in England; Eytelwein, Weisbach, and 
Hagen in Germany; \bmturi in Italy, with Francis and Hamilton Smith 
in America, are most worthy of note. 

In spile, however, of all the work \vhich lias been so ably accomplished 
by these and other observers. Hydraulics cannot yet be classed as an exact* 
soienc^ 'Ae^laws governing many of itr phenomena are still imperfectly 
understood, and the difliculti^- chiefly analytical- to be overcome before 
all the disturbing factors can be taken fully into account are x'ery great. 
In such cases, experience, based on the results of experiment, forms the 
only safe guide. In other cases, however, the deductions of theory 
are found to be perfectly in accord with observed phenomena, and an 
attempt will be made in the course of this work to indicate to what extent 
our knowledge of the forces controlling any phenomenon is sufficiently 
accurate and comprehensive to enable theory to be an exact guide,'and 
where, on the oljherlinnd, theory, bused on insuffic’ent data, is only useful 
as indicating in w.hat direction a true solution is to be found. 


Art. 2.—Physical PRoi’EitTiBs of Water. 

In its pure state, water is an almost colourless, transparent, fidourless 
liquid, and one of the liest solvents to be found in Nature. Its maximum 
.density occurs at d"" C., or 89’1" P., and under atmospheric press'tffe it 
fraeiM at 82° F. and boils at 212° P'. The fiaei^ing point is lowered, and 
boilins noint raised by an increase in nressure. the onnosite beinc true 
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of a reduction of pressiire. The specific,gnrfitvlft maximum density is 
umV, and the specific heat varies slightly yitb temperature, increasing 
from P0(K) aj 32'^ F. to 1 -013 at 212“ F. • 

The'latent heat'oyusion of ice at 32“ F. is alxTut 142 B.T.U., while the 
latenli heat of evaporation at 2 l|“ ^ is {)C(i-6 B.T.U. 

, Weight of Water. -Authoriti^ differ as to tho^recise value of the 
weight at maxiftium density, the lowest valiie,given being about G2'879 lbs. 
fer cubic foot and the Ifighost (12-425 llis. Tli« latter valiw- that of 
IJankine -is commonly adopted ^is hoiiig most nearly correct. The 
following table, calculated from Rankine’s formula, gives tilt weight per 
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1 
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‘cubic foot at different temperatures. At 212" F. values by different 
experimenters vary from .59-5(5 Uis. to 59-84 lbs. Above this tWperature 
the exact values are not so Well known and are unimportant to the ^ 
engineer. For the purpose of all calculations i-tdating to Hydraulics it is 
sufficiently accurate to take the weight per cubic foot at 62-4 lbs., more 
especially as the water with which the, (uiginoor has to deal is never per¬ 
fectly pure, but contains more or kiss of the soluble salts. Unless 
otherwise stated, the above value will be adqjted throiighout this 
treatise. 


The^density of sea water varies slightly with the locality, but is about 
1 t264ime8 that of freslj water. Its weight, at the tempei^tures commonly 
met with in practice, may be taken as 64-0 lbs. per cubjp foot. 

CoAyressibility..Water is very slightly compressible, the compressi- 

bility varying with the temperature and with the amount of air in solution. 
Wh^n pur§,*the decrease in volume S V, duellojm increment in pressure 
* P, of one atmolphere, decreases from -OOOOSld jto -0000412, as the 
temperature increases from 32° F. to 140^F. (Grassi). 


This gives values of thc^ bulk moiklus A", which e^^ials — 


A V * 
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varying/rom 284^100 lbs. per square inch under this tempem- 

ture variation. As the tenrjpcratdre is further increased the modulus A’' 
diminishes to 819,000 lbs. per* square inch at 212° P., Its^faluesj over 
the range of tomperaturSs experienced in pr^jetieo, arq as follow ':— 


32“ '•40” , 50“ ^ IW' 70° I , i 14)“ 


ir(lb».Iicr Bijimre inch) 2.S4,(llfii | :ua,(>JX) I :ill,(KI0 ! :iJS,i)IKI ' 


The mean value may be tahen in round nuiubers as liOOJlOO K)s. pe# 
square inch or 48,200,000 lbs. per square foot. •- 

The compyessibility is so slight that in all practical calcuhilion.* con¬ 
cerning water at rest or iy a stale of steady motion it may be a8.suuied to 
be an incompressible fluid. In certain important phenomena, however, 
notably those involving a sudden initiation or stojqiago of motion, this 
compressibility becomes an important, and often the predominating 
factor, and in the treatment of such cases the above mean vidue of A' will 
be adopted. 

In such cases it should be noted that it is the ratio of the bulk modulus 
to the density of a fluid which forms the true criterion of its compressi¬ 
bility or elas'ticity, as it is this ratio whicl| governs the wave projiagation 
on which such phenomena depend. In‘this respect air is only about 
eighteen times as compressible as water. 

At ordinary temperatures and pressures, water is capable of dissolving 
about 2 per cent, of its own volume of air. As the temperature is raised 
part of this is liberated. The volume in a saturated solution under a 
pressure of qne atmosplfiere is approximately as follows®:— 


' Temp. F.“ 

82" 

4(f 

00" 

00" 

120" 

1 

■ _,_u 

-J-«- 

Percentage volume ol ay in solution . 

1 

2*88 

2-6fi 

2-10 

1-78 

i-sn. 

l— « — » 

; 1*49 
! » 


At a given temperature the volume of gas absorbed is- sensibly inde, 
pendent of the pressure^^thht the weight absorbed is pi;oportioiial to the 
pressure. Any reduction in pressure tends to liberate part of the air, and 

, < From handliolt and Bornstein. Grassi, “ Annales de Chimie et I’hyBiqnc,” 1 S.'il, 
p. 487, gives results which are in close agreiyient with the^e. '' 

A. Winkler, “Zetta. f. Jhya. Chcmic,” 1802, vol. 0, p. 171', and Bohn and Book, “ Wlcd 
AnOq' 1801, Tot. 48, p. 310. 
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the hissing which is so often noticeable inijet|Viinps and injectors, or' 
where water is escaping at liigh volo(jtieH jfisf the rdfetricted alea of a 
vafve seal, is dun to the reduction of presstire and subsequent liberation 
of bdjbles 8 f aif, which occurs under these ciroqinstances. The trouble 
which is experiencefl'in keepfii'jthj air vessels on the delivery side of a 
pump charged is duo to the Fcllity.with which^water dissolves gales 
lUiiler high prsssures. 

^ Ice Formation.—In still water, under normal,conditions, jvhen ice is 
formed this exists as a surface layer. In very cold climates, in addition 
to existing in the ordinaiy surface form, ic(! is found in the iorm of anchor 
fee and of fjjazil. Anchor ice consists of an agglomerated mass of coarse 
crystals clinging to the l»id of the channel and formed there by loss of 
heat i>y raiMation, the cooling of the bottom thus j)rodueed cijusing ice to 
form. This can only occur with a clear sky and where the surface ice— 
if any—is transparent. Surface ice will in general effectually.prevent its 
formation. It is usually found in rapid streams, where surface ice cannot 
form. , 

Frazil consists of fine sjiicnlar ice crystals floating in the water and 
formed by slight supercooling below 3‘2‘’ (probably about 'OOP being 
suflicienl). This adheres to the sm-face ice and to the anchor ice, and 
• may finally choke up the stream. In engineering work frazil ice is par¬ 
ticularly objectionable, as it adheres to the racks and strainerk and to the 
gales of a turbine, and if, dae to exposure to air, thes!o are slightly' 
supercooled, freezes into one solid mass. 

In common with all other liipiids, water also possesses the properties of 
Cohesion, Adhesion, (iinl Viscosity. 

Aut. —Cohesion 

• * 

is that property of a liquid, or solid, which enables neighbouring 
. molecples to resist any stress of the nature of a (fusion. Adhesion is 
that^iroporty which ryiables it to adhere to a solid body with which it 
may be#n contact. Thus a drop of water exhibits cohesion in its 
hanging together, and adhesion in virtue of its clinging to a solid body, 
the force of igravity being overcome both by cohesion and by adhesion. 
Both pRtjuomcna are duo to molecular ^attaiction, cohesion between 
neighbimring miHeculcs of the liquid, and admsion, between those of the 
solid and liquid. A consideration of^jthe molecular theory of matter 
incites that if a is the distance between any two molecules, their 
» % k 

mutual attractive force *18 Spproximatmy equal to ; a»l it follows 
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Arise in teinperatur^Xb^^cr*asiiig the molecular distance,diminishes 
both cohesion and adhesioiK • ^ 

e 

Their relative values vary fcr different comhiiiations of soHd dhd liquid, 
the adhesive force beiag greater than that'of eohejilon wlien the* liquid 
wets the solid and rUr vend. AtsOi^ th ) adhesive force, unlike that of 
cohesion, is found t^ vary largely wity- the time of contact, increasing 
within limits as this is ineyeased. ' ’ ' 

That water, under switahle conditions, may Vjxist in a state of tensile 
stress may be shown in many ways, arid exi)eriiuents * ftiow that this may 
attain consicKjrahle proponioiis. For example,'Achard and Gay-Lussac 
each obtained values of about 1,024 lbs. per square foot, #iile ?)ufour“ 
succeeded in raising water, in the .spherical .s<,ate and exposed to ;itmo-, 
spheric pr43sure, to a temperature of F. without boiliiijf. Since this 
corresponds to a vapour^nressure of 182 lbs. per square inch, the cohesion 
must. have attained this value for rupture not to have taken place. 
This high value is probably due to the absence of dissolved air at this 
temperature. 

With water in bulk, the great difficulty in demonstrating cxihesion js to 
got it into such a state that it may be exposed to a direct tensile stress 
over any appreciable area. ‘ , 

The method of rupture, as it commonly occurs, may be likened to that' 
of a-sheet of paper by a tear extending from one edge. Could the water 
bo brought into such a state that its rupture was similar to that of the 
same sheet of paper when pulled directly into two parts, the effect of 
cohesion would be more strikingly apparent. Such an action, however, 
involving the simultaneous rupture over any appreciable area, is 
extremely difficult to procure except where the water exists in the state 
of a film, apd on this account the effect of cohesion on the tehaviour of 
water in bulk is negligible. Its importance to the engineer is then 
confined to its effects as shown in the phenomena of capillarity and/(urface 
tension. 

That the idea ^of cohesion is not incompatible with the (exceeding 
mobility of the particles of water may be indirectly demonstrated by the 
behaviour of two iron surface plates when brought into contact. Here, 
if the plates are clean, t^he Resistance to sliding of one over't^S oth^ is 
very small, while thq. force necessary to overcome cohesfcn and to separate 
'the plates by normal motion is surprisingly great. 

> iTor an account of some experiments cohesion, s|e a paper hy Osborne SeynoMs io 
Proceedings of tho^Munebester Literary and I’hilusuphical 
• MaxvreliiV' Heat,” p. 559. 
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The phenomehon known as Capillarity, whfth eftpears in the tendea^ 
of«liquid to rile or fall from its normal lareV in a tube of fl^e boia^ 
accbnlingas the liquid does or does not wet the .tube, would appear to he 
due tt) cobftiion* and adhesion; while it is jirobi.ble that cohesioti 
between the surfac# molecules of liquid gives'rise to Surfas* Teaifenii 
the property of a liquid which g|fe« it the appearance of having an elastic 
*styi at its smjface of separation from* a gag, or ffom any olher liquid. 
^ Experiment shows that t]je tension in any sucB surface film is everywhere 
|he same, and that the tension ajross any iina^nary line in the surface 
18 normal to that line. ^Also the tension is independent of the curvature 
ef the surface ; decreases with an increase in temperature; is constant 
for a given temperature, fqr the surface of separation of any particular 
liqiiKt and gas, < r of any two given liquids ; and for any given liquid and 
solid in the presence of air, the angle of inclination, o, of th6 surfaces ii 
constant. 

Thus, for water and glass at a temp, of 68° F. . , a = 25° 32' 

for mercury and glass. . a = 128* 62' 

while the surface tension, expressed in poiftids per foot run of the line Ol 
contact, and at the above temperature, has the following values (from 
Quincke’s experiments) 

For water and air . . . T = '00554.S lbs. per foot 

For mercury and air . . . 1’ = •03698 

No satisfactory explanation the precise nature of surSace tension hu 
been formulated. Beyond doubt, however, it is a molecular phenomenon 
and is inseparable from that of cohesion, the intensity of the one probaUj 
determining that of the other. * 

Many theories have been educed to explain the phenomena oi 
capillarity. 01 these, the two which have been most generally accepted 
are duo respectively to Poisson and Young. Briefly outlined, the formei 
assumes that when a li([uid wets a plate the attractjpn between the layei 
ef nj^olecules in intimate contact with the plate and the plafe itself it 
greater |han the intennolecular attraction of the liquid.* The molecolai 
motion of the molecules forming the surface film is Mius reduced, whilt 
in consequepce of their greater freedom, that of the molecules immediately 
dis^nt {rqpi this film is increased. The density of this secondary layn 
of fluid, thu8«reduced below the normal, mind the resultant upw^ 
pressure of the surrounding fluid causes it to risd up the plate until i 
stete of statical equilibrium is attaineft between the cohesive forces and 
the action of gravity on the supported fluid. 

Where a liquid does'nof wet the plate, the density fff this secQii)}*tl' 
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film is increased by,me roolecular action between tW'plate and flui5, 
with aiConsequcBt fall m wie Surface level in the inimteate* neighbour¬ 
hood of the plate. Tliat tnis variation of density actually qpcurs* has 
been indirectly proved^ in other ways, while results* obtiined •by the 
application of this theory are amply confirmed by oiJperiment. 

The second theory attributes the pRey,)niena to the action of a series of 
surface tensions, wlhch are assumed to exist at every siyface of contadt, 
of any liquid or gas with liny solid, and also at the surface of contact of 
any liquid with any other liquid, or jyith a gas. Thps at the common 
line of intersection of a solid, liquid, and gas^^i.c., at the line passing 
through P (Fig. 1) and perpendicular to the plane of the papjf, three 
surface tensions, of intensity 7’„„ r„,, and T,, per unit length ol this line, are 
in existence. For equilibrium then, their directions and magitf tude^ftill be' 
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relatecTaceorifing to the ordinary laws ofvstatioal equilibrium. Thus for 
contact with a plane surfat^ we have— 

> = T,, -1- cos a, 

and the angle a will be acute or obtuse according as — Tj, is positive 
or negative. 

If =fPh + Pah 9 = 0 and for this, and all greater relative values 
of 7'„„ the fluid will immediately spread to cover the surface, the effect 
being as though the liquid were pulled outwards in every directior^by the ■ 
tension 2’,„, theresulfant of the tensions 7'|, and being insufficient^to 
resist this motion. On the other hand if To, — T/, is negative, cos o is 
negative and the angle a is obtuse. If T;, — = 2'„,, a = ISO*^ and 

the'liquii, if in suflieiently small masses, assumes the spherical state. > 

On these assumptions, ius|ified in so far as the results obtained by tMr 
application go, the vas-iolia phenomena of capillary fiction easily lend 
themselves to mathematical treatment. 

- Biss of Liqivd hi a Capillary Tube.—Let h be the height of the }i<p®id , 
in the tube, of diameter d feet, aud let w be (he weight of unit vhlume of 
4he liquid. ^ Here li is-measured to a horizontal plane tangential to 

‘ I . . A.' 
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curved Burfiice an me; top ot the column jyjet K = the (small) 

voliftne of liquid ^btive this plane. 

TBe height of the column when in a sjiate .of equilibrium may be 
d.-Juced froir? the •principle of virtual work,^ i.e.^ by equating the work 
done against gravity fn any small vertical displacement of the column, to 
that done by the surface tensions| • 

If,8 X is this (Jisplacoment we have, for equiiibriuil 

.^^ + r> = o ' 

4 V 


(•^’i. — T„,) Ttdbx-^ ir 8,r) 
. , 4 


w d 


{Ta. ■ 


Tid'^ 


Uut I fjg — 1 ijf — 1 gi cos ct 

( 1 ) 

w d V d. 

In general P is very small, so that with¬ 
out sensible error (1) may be written 

h = ^ ( 2 ) 

w d ’ 

Similarly it may be shown that the 

vertical rise or fall between two ])»rallel 


plates at a distance d apart = 


2 T cos a 
w d 


( 8 ) 



K:o. 


It is with the former case ot capillary 

action that we are chiefly concerned in hydraulics, as affecting the 
accuracy of measurements of pressure in a liquid,, when these depend 
ujKjn the height ot a supported column of the liquid. Thus with a 
piezometer, in which pressure is measured by means of a water column, 
the artificial elevation of the pressure column by capillary action at about 
68° P. is given by 

, 4 X -005548 cos 25° 32', 

«= .- I - 

62-4 d , 

* M(^'C siniTply, it may lx; consiriereci that the whole weij^ht. of th^siipported column is 
carried by the surface films, and ifmt this weij?lit i.s equal to flic vertical component of the 
surface tension, ^i'his leads, as before, to the equation 

•K d , T cos o = to ir d* , 

Ji — ^ 7'cos a * 6 

^ 2 T 

With*li(juid in its spbencal state we have 2 ir r T = w or^ ** givisg the excess of 

Internal over external pressure. • Thfts with small k^lues of r a comparatively small vtloe of « 
r may be accompanied by a large value of j;. 
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Ilrfbe measured in^clAs, this artificial elevation in finches is given by 

■ ‘ r inches. 

• 

In the case of a mercury column, taking the specifit; grifrity o^mercury 

to be 18'C9(), wo have cos a — — •^27(i • * 

, 4 X-OdfiOf J-r)‘27(> X 144 . , 

lit= - -iw ;-inches 

• 02 4 X 18 oUO d 

••0157(5. , 

=* — , inches 

<1 . 


wliere d isjneasured in inches. 

The negative sign here indicates that the surface of th^ meronry 
column is depressed below the level corresponding to the statical pre,ssnre 
alone. TIks (ollowing table gives values of h at 08“ F. ci^respoAdingV 
various tube diameters. 


DiAMnmni OP TeiiE in Inches. 



•02 * 

1 -04 

•OtJ 

•08 

•10 

■12.-. 

•10 

■20 


.■i!0 

•00 

4 in 

Water in gins'! 
liibi! . 

S-311! 

. 

i-ir.i; 

•wi 

•:.78 

•402 

■:i7o 

■;{u8 

•2;n 

•J85 

"" T 

•154 

•002 

inches 

0 

^lercnry in 
glass tub(‘ 

'78S 

•:W4 


^!)7 

« 

•nvs 

■120 

•loo 

07!l 

•003 

■003 

•032 




Evidently then,^ tubes of small bore—below about ‘3 in. internal 
diameter—are not advisable tor-use in such pressure-measuring apparatus, 
especially where small ju’essures are to be measured,* except wliere the 
difference of heighten two similar tulies is used to indicate the pressure. 
Here the effects of capillarity, being the same for each tube, neutralise 
each other Agarn. since the specitic gravity of mercury is 13'59G, the 
proportional error jintrod need by neglecting cf^iillarity in the caserfif a 

mpreury colunyi will be = 4‘G3 times that introduced 

■04b24 • 

with a Vater column, and will be in the opposite direction.' , 

The effect of surface tension in liquid in motion, maj be stfikiagly 

shown by allowing tyi^etS of water, moving steadilyein the Jajne 8^^'aigh^ 

^ l4ick oE space prevents any further iuvestigatien into the properties of stirface films. 
Th^ are, however, except in so far & they affect the stability of jets, only of 8li{|y4|y^por' 
tance in Itydifulics. For further information tlic readier is referred to anj^ texfbooic o1 
physi(» jr hy({fostaticb, or to the Article on Oa|illa(y Action iu the Sncycl^i^ili 
•Britannica 
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line and in opposite directions, to meet. No occurs, but a per- 
'fectl;^^ clear and ^eady circular film oi water is produRed in a ^lane 
perpendicufar to that of the jets, while under favourable circumstances 
the diameter of this may be extended to seme fcaji before it breaks 
into a series of detached drops.* 


I 


Art. 4.—Viscosity. 

fevery^nown fluid offers a resistance, analnrrous In friction, to the 
r«lativa^sliding motion of ifny two adjacent layers, and the physical 
property of tTie fluid to which this is due is termed Viscoajjiy. This 
property—only noticeable when the 
fluid is in motion—is the cause of 
all so-called fluid friction and gives 
the fluid the appearance of being able 
to withstand a shear stress between 
adjacent layers. 

The magnitude of this shear o;- * 

(fistortive stress over any plane is pro¬ 
portional to the rate of distortion, 
and hence to the rate of changn of 
velocity with space perpendicular to 
the plane. Thus if co-ordinate axes 
OX, or, OZ (Fig. 3) be taken at 
some point O of a stream, and if /, be 
the distortive stress accompanying • ^ 

relative motion of adjacent layers in a direction parallel to the axis of 
3>, the v#locity in this direction at any point P, distant y from that axis, 
beiiTg denoted by r, and if the velocity in the directian of OZ is zero, we 
have, at th* point P 



f 

» 


oc 




a) 


If a curve, havirig: ordinates representing valifts «f v, be plotted on a 
base parallel to 01', and if 6 be the an^le which the tangent to the 
JurvfJSt P makes with this base line, the values which /ii,adopt8 as y 
varies will be represented t# scale by»the corresponding values of 
tan 6. 
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Putting/, = /i^^e^oafricioiil li is termed the CoffiScient of Viscosity.' 

The value of this coeHiejeiit varies with different flilids, and varibs with 
temperature for any particular fluid. 

For water, experiments by l’ois|uille Aidicato tfiat it follows the law 

«^0871(i 

^ ~ •4712 + -Ollff 7’ + •0000 (!h/: 4’‘'‘ 
where 2’ is in degrees V., and the corrospoyding value of the distortive 
stress/, is given in ^)ounds per squjfre foot. Usings the Fahrenheit scale 
and taking the pouiidal and tin; foot as ui^ts of force and space, this 
formula becomes 

_ •001197_ 

“ -1712 + -oi/tr) T -p -oooihiH-i r' ^ 

With‘the pound, foot, and degree Centigrade as units we get 
. _ -OOOOiWK! 

^ “ 1 + -OdOC.B T + -000221 ‘J‘^ 

Vhile using the poundal, foot, and degree Contigrad(! this becomes 
_• -001197 

~ r+ -OSlKiH T + -OOtW'il T-‘' 

In C. G. S. units, the unit of force being taken as the weight of 
1 gramme, and the temperature in degrees Centigrade, wo have 
_ -0000181 

^ ~ + 1 •0:i:i().Si7' -I- -(KXW-il 

The following table ideates the Values of p for water corresponding 
to different temperatures,/, being expressed in pounds per square foot. 


'IVfiipfmtiiif. 


Fsihronlif-it. 
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e. 

82° 

0 ° 

•00003716 

50" 

10" 

•000027.35 

• 68° 

20° 

•qp002109 

86° 

30° 

•00001685 

104° 

40" 

•00001376 

12-2° 

50° 

•00001150 

140° 

60° 

•00000971 

_• 

• 


-r- 


vel. 


* Ifixnressctl tlimeiisionallv wo luit’o = ./jj - stress ^ — = stress x time 
* / 8[):ice 


Bat stress = 


force liii'ss X acceleration 


area area 

* jV^ f 

ft :s of dimension -r 


jl/x r M * 
l?x f “27>- ' 
M 
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PHYpCAL PROPERTIES QF WAIEE 

, Expgriment* by llaiiser indicate that ab^vejp^w'. the viscosity of 
water, jn addition Ito varying with tenfperatnre, also increases very 
slightly wjth an^ncr^se in pressure, and this Vould appear to be borne 
out by the critical velqpity expe^rinients of Messrs-Mlarnes & Coker at 
the McGill Uni\^rsity. It may beln^jted that whereas with li(iuid8 the 
■Wscosity decreases with an increase m temperature, wilt gases the reverse 
18 the*dhse. ReseaTches by Dr. Grindley and the author show that in the 
case of air the viscosity is indd|)endent of the pressure,<ind, if temperatures 
are \neasured in degrees Ceiitigrad?, increases with the temperature 
according to the law 

g‘=*-|355'5+T'l(i8 7’--00248 7^; X 10 " ft. lb. sec. units, or 
approxin»a.tely * 

fi*= {058 + •!i:!2 7’} X 10-''ft. lb. sec. units 
between the limits of temperature 0" C. and 100 ’ C,1 
Tlii,s is as might be inferred from the kinetic theory of fluids, for layers 
of fluid moving with difTerent velocities are continually interchanging* 
molecules by diffusion. Thus the more rapidly moving layers are oon- 
iinually losing momentum by interchange with the slower layers, and a 
continually applied force is necessary to maintain this state of motion. 
Sipce the diflusivity increases with an increase of temperature both in 
liquids and gases, it would be expected that in both cases the yiscosity 
would increase with temperature. - 
It is, however, extremely probable that cohesion plays a great part m 
producing viscosity in liquids, and while in gases the molecules exert 
forces on each other by collision only, so that here'diffusivity is the 
important factor in jirodueing viscosity, in liquids the greater cohesion 
at lower temi)eratures more than counterbalances the diminished diffusivity 
and hence increases the viscosity. 

Since the interchange of molecules will be proportional to the area 
over which such interchange takes place, the resistance \o distortion will 
be propol'tional to this ar<h. Evidently then if eddies'’are farmed in the 
course ^f a Stream of fluid, since the area over which interchange of 
momentum may take place is greatly increased, the viscous resistance to 
motion will also*l)e increased. 

Visoesity, being a jphysical property of a fliyd,^^^ independent of the 
velocity of translation of its particles, and where motion takes place in 
parallel straight lines, the resistance to m«ition can be directly inferred 
from ^PTtnowledge of the viscosity. If eddies are formed, however, the 

• • * 

• “ Proc. Roy. Soc.,” vol. 80 A.., 1908, p, 114. 
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Dotions and force^inv^ved are of such complexit 3 |as tg prevent any 
ktteapt at a solution irob d jniori reasoning based smely on a knotvledge 
)f the pliysical properties ef tlie fluid. * 

Although from Ihgidefinition of viscosity, the stresses in different fluids 
mder similar circumstances of motion wtll be proportional to their values 
)f n, yet in comparing the effects ot fiseosity in modifying such motion^ 
it is the ratio of these^-essiis to tlie inei tia of the fluid wliich moat be 
laken into account. ^ Thus tlie determining/actor is n p. (Cf. p. XJ.) 
from this point of view air is a much more viscouif fluid than wate^, as 
will be seeiJ from the following figures. « ^ 



From these it appears that at 00“ F. the relative effect of viscosity in 
modifying the motion is practically tliirteen times as great in the case of 
air as in tlie case of water. 

The energy absoi^bed in overcoming viscous resistance in any fluid 
motion linally appears in the form of heat which is dissipated by 
conduction and rtdiatiou. 







IIydr(Tsft;ticf'—Principfts—Prossurc Iiitt'risity—Tnuihinissila^gy of Pressure—Almospheric 
jPiVbSUic —Pressure Cuiufres. lijisultiint Pressure-<'eiitrc of Pressure-Eiiuilibriuni of 
Floaliujr Bullies —Mi^eeutiie ileielit—r^illutious uf Bliip?—SUenglb of Pi()e8 ami 
cylinders. 

AbT. 5.— IIVDBOSTA'I'ICS. 

•CoMM«jii,Y, any substance ^hieh, at ordinary temperatures, ^oBsesseB 
in a marked degree tlie property of accommodating itself to the shape of 
any vessel into which it may be placed, is termed 
b’luids may be divided into two classes; gases and liijuids; according as 
they are easily, or with difficulty, compressible. ■> 

Definition of a .Perfect Fluid.— 1 iy a 2 )erfect tiuiil we mean a substance 
such that the pressure exerted by it on any surface with which it may be 
in contact Is everywhere normal to that surface. 

^The laws governing the action and reaction, and generally the statical 
equilibrium, of such a Iluid may be easily deduced from theoretical con¬ 
siderations. Before, however, extending these laws to the case of s^ch a 
fluid as water, it becomes necestftry to determine to what extent this 
differs, in its essentials, from our conceptions of a perfect fluid. 

From the above definition it follows that with a perfect fluid any action 
of the nature of friction between solid and fluid is impossible, since tills 
would necessitate the action of some force tangential to the surface. It. 
follows that there can be no frictional resistance to the motion o^ a solid 
body through the fluid, or to the steady motion of the fluid through any 
pipe or •liannel having solid boundaries, and that in Consequence any 
portTon ’of the fluid mayabe separated from any othe# portion by a force 
however smilll, if applied for a sufficient length of time.^ Further, the 
])erfect ^uid is incapable of existing in a state of tension. ^ 

Such a conception is useful, although no such substance as a perfect 
fluid is Rnopvji’in Nature. All known fluids, ipjvirjue of their properties 
of cohesion*and viseTlsity, offer some resistance of the jiature of friction 
to the motion of any st)lid surface with whi(^ they 7Tiay be in contact. 

EvlSently then the laws governing the behaviour of a perferff fluid when 
in motion, are not applicalje, without some modification, to water; nor_ 
are the laws governing its statical equilibrium applicable to Ihat^of watef 
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Ib cases \\'here, as the influence of capilla^ action, tlie effect 

of oofiesion is great. Whin dealing, however, with watpr in bulk, inf^reg- 
nated as it usually is witbfair in solution, the effect of cc^heSon may be 
neglected, and when «at rest water may be consid^ered as satisfying the 
essential condition of a perfect fluid, vk.,*tbat it exerts a normal pressure 
OB all surfaces witl^which it may be i* contact. All the laws governing 
the statical equilibrium qLa perfect fluid, depending as»lhey do sololy on 
this property, can tljeu be applied to that of water, and are includgd 
among the principles of Hydrostatics. 

• 

Akt. 6.—Peessubb at a Point. 


The average pressure intensity over afty area A equals tlie totij 

* /' * * 

pressure P on the area divided by the area, or equals j. If the pressure 

varies from point to point of the area, and if this be divided into a large 
• number ti of small areas 6 .I, tlio pressure 

\ » on any one of these containing a given 

yzizr point being 8 F, then the limiiing value,to 

I tends, as n is made 

infinitely large, is taken as the pressurS 
. ^ ^ intensity—or more shortly the pressure— 

^ at the jxiint under consideration. 

The units in which pressure intensity is measured depend on those of 
force and space. » 

- In English practice the unit is usually the pound per square inch, or 
l^r square foot. In the metric system of units the usual unit is the 
kilogram^ie per square centimetre. 

These units are connected by the relationship that 1 kilogramme per 
square cmm. = 14'223 lbs. jier square incL 


Aet. 7.'-In a ‘Liquid at Best, the Pbbssueb rNTENsiiy is bjebywheeb 

THE SAME *AT THE SAME DePTH, AND IS THE SAME III ALB 
* DlflEOTIONB.. 


The truth of the first^of Jhese propositions may be seen by^nsidqring 
the equilibrium of q small vertical column of the liquM of cross sectional 
area a and having itq base the depth /i below the surface (Fig. 4). 
'Wherever this column is taken in the liquid its weight will be i^#88me 
and must be balanced by the vestical upward pjessure on the base, whieh 
iirill'therefore \}e the same. Since the sectional area of the colum^^ 
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unaltered, it fol!o:^,| that the pressure intensity on ^ base must every* 
•vrhertfbe the same; 

If W is tWe weight of unit volume, or the intrinsic weight of the liquid, 
the weight of tHe eo'luimi = Wah. , ^ 

Ifp is the pressure Bitensity fit ^ d^th h, the upward pressure on thig 
base = pa. ' • 

p a = W a h. , 

A p=zU-k *• 

'The pressure of slill water againal^the sides or bottom of any vessel is 
'^then simply due’to the “ hgad," or height of the level of the ^ree surface 
<)f .the wa^er above the point considered. Each square foot of the surface- 
at a depth h fliay be considered as supporting a column of water of 1 
sfjuare l»ot crjiss sectional area, and of 
height h, and tberetorc of weight 62‘4 
A lbs. 

.’. Pressure per square 

foot, per fool of head = fi2’4 lbs. 

Pressure per square 
inch, per foot of bead = '438 lb. 

.-. Head equivalent to a pressure ^of 
l»lb. per square inch = 2’808 feet. 

The second of the above propositions ^ p 

may be deduced by considcriiijf the ' 4 

■ equilibrium of a triangular prism of the 

■ Ikjuidof unit length having its edges horizontal, and its ends perpen- 
f dicular to the sides. If a h c (Fig. 5) be a cross section of the prism, 

a c h being a right angle and b <■ being horizontal, and ;»i, pj, ps be the 
mean intensities of pressure on the sides a h, « c, c h, we have for 
equilibrium, resolving parallel to the sides b i; and *o, 

P 2 ttc = Pi ab sin S 

p, cb = Pi (lb cos 0 W ‘^1^-. 

Ji 

P^ttinl ac = ab sin 6; be = ab cos 0, we get 
Pi = Pi 

W 

Pa = Pi -)- -- ab^ sin ff cos d. 

If now the sides St the prism be indefinitely ^minjshed pi, pa, and p, 
lecome, in the limit, the pressure intensities at the same point, but in 
iifieiffit directions. Also ab^, being of the second order of small quafititias, 
rill vanish, so that in the limit • 

Pi = Pi =- pa- 
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k •' (' fj fl 

It follows from y^eae theorems that the free surfacls of still water is a 
surface of equal presstir^ arfd that all eqiiipotential Surfaces in tlM huiil 
are parallel to this. This surface is not plane, but iff everywjiere normal 
to the direction of the force of gravitation, and thereTfore Co the*direetion 
of a plumb line. 



Akt. 8.—TEANrMissimi.iTY of Puessoee in a Flijid. 

^ a I 

If a pressure be applied to the surface of m fluid, this pressure is traijs- 
mitted equally to all parts of the fluid. This may lie seen by consideiing 
a closed wjsssl filled with water, and fitted '.vith a piston of area A, to 
which a force /’ is applied, producing a pressure intensity,at tWs point of 
P-r-A. Considering any other area A ofUhe surface, the two may ^e 
supposeVl connected by a cylinder of the fluid, having ilnaginary 

boundaries (Fig. 6). 

Suppose piston P to be displaced 
through a small di.stance x. Then in 
virtue of the incompressibility of the 
fluid, Q will be displaced through the 
same distance. Also, since the reaction 
of the cylinder walls is everywhere per¬ 
pendicular to the direction of motioii'of 
the contained fluid, no work is done 
ngamst tflis reaction, and in consequence the work done by P = work 
dona on Q. Since the arqifl and displacements of P and Q are the 
same, the 'pre8su|;e intensities over their surfaces, introduced by the 
action of the external forces, mast also be equal. The total pressure 
intensity at either P nr Q will then be obtained by adding to the pressure 
]<rodnced by the forge P, that due to the weight of the liquid. Altering 
the plane of the pistons at P and Q will evidently not affect the pressure 
intensity on either surface. 

This property h* taken advantage of in many hydraulic mnoh'nee, 
notably in Dramah’s Hydraulic Tress, and in machines of a |ike type. 

In the Hydrliulic Press, illustrated diagrainmatically in Fig. 7, water is' 
fcreed hy means of a small pump F, whose plunger has an area «, into 
the cylinder C of the press whose area is A. Neglecting-friction, a fored' 
P, applied to the plunjter of the force pump, will then produce a pressure, 

intensity of ^ in the pump and press cylinder,, and hence a force oiQ — 
P-oil the p-ess plunger. of fh® transmissibility i|( 
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pressure is found Ihe transmission of the pressur»,of the atmosphere 
-■on th» surface of iater to every part of jts* de/itl^ Thu* the pressure 
inteusfty alsany depth h is strictly that due tg the weight of the super¬ 
posed water, tofetheV with the atmospheric pressure 

Atmospheric Pressnrl—The pre^ssiise of the atmosphere varies from,, 
day to day at the same place, and fr®m place to place at the same time- 
Its ly^an value at^ea level 
is about equivalent to that , 
at Jihe base of a nArcnry 
column 80 inches in, 
height, oi; 147 lbs. per 
square inch. This is 
equivalelrt to iho pressure 
at the ba.s(! of a water 
coluiim of approximately 
84 feet in height, and this 
is usually taken as the 
height of the water baro¬ 
meter. Thus the true 
pressure intensity at a 
depth h below the fret- 
surface of water is given by 
6‘2'4 (h -{■ 34) lbs. per 
square foot. 

In most hydrostatic 
problems, however, it is the 
pressure in excess of that 
due to the atmosphere 
which is required, so that 
the pressure at a submerged point is commonly taken §b being that due 
to tJie hpad of water alone. 



Fio. 7.—Bram^li’s Press, 


Aet. 9.—Peessure Gauges. 

The most aceurate method of measuring the difference between the 
presBurqat«ny point in the length of a pipe and that of the atmosphere, 
is by ‘meaijs’of a piezometer or manometer In eiliiph the Hiffaranop is 
measured by the height of a column of liquid suppdkted by the excess 
pressaifi. Where the difference of pressure is not more than one or two 
povm(i8 per square inch, this liquid may cqpveniently be wa^r, when the 
pressure difference is given by h -h 2-81 or -488 h II#, per*square inch 

<f2 
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k being measured in ^eet. Fig. 8 A and B, shows sucri a g^nge fitted to a 
pipe' conveying respectively air- in A—and waterf-in B. , 0 ii each” 
case marks the zero of the scale, and, in B, h mea^surei^thfe pressure at 
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level of the i^ercmy columns with no water in the pipe, the pressure at 
the cintre of thel^ipe under the oondjtio\is ^hcfwn is that dueato a 
columA of mereurwj feet high, minus that dpe to a column of water of 
height /t"+ feet, and is therefore equal to h —•5h — h'=z 

18’096 h — h' feet of w?lter. Whe(^ the pressure * 

^is'in excess of 100 feet of water, rtch a gauge 
gives,an inconvqpiently long mercury coluppi 
ai^d a type of gauge in wlych a large range of 
prqpsures may be Tecordod on a (a)mparatively 
short scale is shown in Fjg. 8 D. This consists 
flf S, series^of n U tubes connected as shown, the 
lower half of each being fillqd witlt inoreury and 
the uppSr hijf with water. If this gauge be 
coupled up to a pipe, and if O O’ be the common 
level of the surfaces of separation of mercury and • 
water when the connecting tube is full of wate'. 
but with atmospheric pressure in the main, and it 
0 be taken as the zero of the scale, the pressure 
in the main corresjionding to a recorded height 
of h feet is 2 w X 12’6 It h — h' .-4 (26‘2 n -(- 
1) ft — h' feet of water. This follows since the 
pressure at h = pressure at a = atmospheric 
pressure + pressure due to a colqnin of mercury 
2 /t feet high — pressure due to a column of water 
2 h feet high, so that the pressure at /t = 2 X 12‘6 
h feet of Avater above the atmosphere. Again, 
pressure at d = pressure at c = pressure at A + 2 
X 12'6 h feet of water = 4 x 12'6 h feet of water 
alxjve the atmosphere. Similarly pressure at/ = 

6 X 12‘6 h, and at .7 = 8 X 12'(i h = 2nX 1'2‘6 h 
feel^of jrater. 

Sifferentiil Ganges.—\f hore it is required to 
determine the difference of pressure at two points 
in' the length ef a pipe conveying water, some 
form o( differential gauge is commonly used. 

Such \ gaqgS is shogj-n in Fig. 9. Here the t*ba»*A A are coupled up to 
the required points in the pipe, the water from which pariially fills the 
branij^es 2'7'of the inverted U tube. If*the difference of pressure is 
moderately large, the upper portion of this tube contain 8 *air,.and the. - 
difference of level of the free surfaces then gives the (^llerewce in pressure’''^ 




M 
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in feet of water.* *A^ air jock is provided at C, by/whioh air may be 
pumfied into or withdrawn from the tubes; so that whatever the*'mean 
pressure in the pipe, the •free surfaces of the eoliupns jiia^be brought 
to a convenient height on the gauge scales. Ppr very small' pressure 
differences the upper part of the LT is tiled with some li(]uid whose specific 
gravity is slightly, less than that of water. Gasoline (specific gravity,, 
approx. 'Tl); kero8en^*<(specific gravity approx.'8)/toluene (methyl- 
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o^nzene, specific gravity approx. -87); or sperm oil, are suitable liquid* 
'or this purpose. If .S' is the specific gravity of this liquid, and h is tlK 
lifference of level of tbe surfaces of separation in ^the t^ tubes, the 
lifference of pressure is that due to the difference in the weightStef twc 
solumiis, one of water and fne other of this secondary liquid^^d it 

■ Actually, the dilTcronce iK-lween the |irefi.sures produced by a eotumn of water and oiuijijl 
of the height A. Owing to the small R|x'(’i(V(^gravity of aii; the weight 
Btter may, ^owever, he ^fely neglected, except where the pressure in the pipe is VfS*? 
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therefore Buch,as would be produced at the base of a qplumn of liquid of 
dpecifiS gravity 1 —\S. This gives a differejce'of i^relsure oi (1 — S) 4 feet 
of water, and the ga^e reading is thus multiplied in the ratio 1 -j-1 — -S, 
as oompa’red w?th tnat of a simple water gauge,recording the sumo^ 
difference of pressures. * This mifftinly i»ig factor will be termed the “ gauge* 
poefficient ” in future, and will be deSoted by C. The three-way cock at 
B allows of any |^r in the connecting pipes being rSadily expelled, and 
alipws the quantity of air (jr of oil in the ujiper part of the tubes to be 
regulated as requiret). 

A second type of gauge, i« which the gauge fluid is heavier ^lan water, 
ik dliown i« Fig. 10 A or B. If the pressure difference is large, mercury 
njpy be used in the gauge, in which case if h is the difference of level, the 
difference of pressure equals U3‘59(i — !)/( = h feet of water, and 
the gauge coefficient = ‘0794. If the pressure difference is'small, a 
mixture of carbon tetrachloride and of gasoline with a specific gravity of 
1'25 gives a gauge whose coefficient is 1 (1‘25 — 1) = 4. 

A type of differential gauge which is useful for measurements of air 
flow is shown in Fig. 10 C, and consists of a O-tube whose branches are 
enlarged at their iqjper ends. Water is poured iulo one and some lighter 
fluid (specific gravity S) into the other lug of the tube. Let a and A be the 
se'ctioual area of the small and large portions of tho tubes. If 0 is the 
zero of the scale reading, let 0, B and C be the levels of the lurface of 
separation of oil and water and yf the free surfaces when tl mta ilwr are 
exposed to atmospheric pressure, and let O', B', 6" be these levels when 
the pressure difference at the free surfaces is Sp, these pressures being 
respectively p and p -j- ^ p. 

Then p + /j'„, = p + &p-\- Sh'„ 

.•.&p = h'„ — Sh’„ ^ 

But h'„ = h„ + ^ — = h„ + X 

And /t'„ = *„ -f a- -f- ( 1 + 

' = a:|j(H-&') + l-s{. 

As compared with a simple water gauge,^the coefScibnt in auch agan^ 
isl-f |^(l + S)-f 1-A’}. 

By using two fluids of specific gravity S' and S, such af a mixture of 
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iflcoSol and water pf ^specific gravity, say ’SS, and kerosene of epkific 
Jpravity, say ‘85, the eoeAcient t)ecomeB 1 "i" | ^ + (S'.—S)*j-. 

Thus in the latter .’case taking ^ the eopfiicient becomes 7‘43, 

•• f 

while with water and kerosene in the same tube the coefficient is 6'1. 

Errors of Fluid bifferential Gauges. -Any error m^e in estinjpjting 
the specific gravity of ohe of the fluids in a c^^ffel•ential gauge will lead to 
in error in the gauge coellioieut, (tfid this error wifi be proportionatgly 
greater th^ larger the coefficient. Where thg heavier fluid is water, an 
srror of one-tenth of 1 per cent, in the estimation of S wjll lead'to- 
the following percentage errors in the value,of C. 


ARsiirnod valiiP off. 


Pcp cent, error in tlic estimation of C . 


•10 


•40 


•00 




In a gauge which may be required to record under widely differing 
pressures, an appreciable error may be introduced, unless allowance is 
made for the different compressibilities of the two fluids. It, such a 
gauge as is shown in Fig.* 9, where air and water are the fluids, tile 
gauge reading is usually faken as giving the true pressure difference in 
feet ofwGfSV, although, stric^ speaking, this is the difference between the 
pressures^ due to this same height of columns of air and of water. At 
atmospheric pressure the error thus introduced is negligible, but at 
higher pressures it may become important, as indicated in the following 
^ble. 


. ^ 

UOBS presRiire in pipe. 

1 

Specific gravity at 50® F. 

0. 

Percent, error. 

1 f • 

'LbK. per a<jiiare 
inch above 
atinoMpItere. 

t 1 

Peet of water. 

( 

^ Water. 

i 

Air. 

1= 

0 

, 

0 

-99969 1 

•00125 

1-00125 

-^26 

, m* 

34 

-9!)!»74 

•(H)2:)0 

1-0036, 

-25 

«•! 

r»8 1 

•{«i988 1 

•OOiT.*) 

V00W5 

-377 r 

88'2 

136 

•»995»8 i 

•007.')0 

1-0076 , 

• .-76 • 

176-4 

272 

JUKI027 j 

•01500 

roi.'io * 

l^O* 

, 363-8 

644 

; 

--r —.. - 

•(WUOO 

ro:io 

■ !K» 


\ Tire percenmge error is smaller where two liquids are used, owingik? ■ 
tbejmsller difference in their compressibilities,‘'although with toluene 
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^water (speci^c gravity of toluene -866 at 60° F.-conjpressibility •OOOOi 
•per uWt vojume pej- atmospliere) the erroj a&oivhta to 1-09 per cent.at S 
ntmosplierAprMsc^eand to 0-5 percent, at. 10 atmospheres preesur 
With keAsene-oonipresaihility-OOGOGOf) at G0° P.—/is the gauge fluid, th: 
error would be correspondingly ^ess# A variation of temperature, h 
.altering the relative specific graviSes of the two fluids, may alter tli 
gaugtt coefficient ajppreciably, as indicated beloiy The values of C are th 
g»uge coefficients for agauRgusinu water in connection with theparticula 
1111(11. 
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Over such a range of tenijieratures, the percentage error, corresponding 
to a temperature range of 10° F., has a mean value of 2'4 per cent, with 
speiin oil, 2'8 per cent, with toluene, and 2‘4 per cent, with kerosene, 
its magnitude increasing with the temperature. With imter and 
mercury, the coefficients of expsuision are so nearly identifi^TliSt the 
error caused by this effect is practically negligible. 

Slight differences in the boros of the tubes and in tljpir degree of clean¬ 
liness also affect the readings by altering the form of the meniscus, while 
where oil and water are used, the attraction between oil and glass causes 
it to act in the gauge as though its specific gravity,were higher than is 
actually the case. In view of these facts, it is not sufficient to*calculate 
the gau®3 coefficient from a knowledge of the specific gsavities alone if the 
gn%e i-3 required for accurate work, and the only satisfactory way is to 
calibrate ito against a head of water under the same conditions as to 
pressufe and temperature us are likely to bo experienced “in use. 

In order that'a piezometer may give an accurate record of the firesswre 
in a pipe cotijifcining water in motion, it is important that the surface of the 
latter showld be smsoth in the neighbourhood'ofsthe piezometer opening, 
and especially important that any burr or rgughness produced on the pipe 
wall the drilling of the latter should be removed. Where a pipe is of 
small bore, and where the jiressure is to V/e measured at a point at sorol: 
distance from one end, this is a matter of some difficulty,*and in such a 
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ease a hole should Hie^drilled at one operation through both walls of the 
pipe." The entering hole'may then be plugged up add the seconcfhole," 
which, with care, will be fosind to be free from any b^irr, ^na^ be used as 
the pressure opening} Such an opening should be small~one-thirty- 
second of an inch will usually 1ft f%und to be ample, the connection 
appearing as showr^in Fig. 10 D. * 

The point of attachniflit of the pressure tubes to/the main is.im¬ 
material, the free sujfaces or surfaces of separation iii the gauge risiijg 
to the same height whether the point of attachment is at the highestior 
lowest poirtt of the main.* 

Where a continuously recording gauge is to be used, thejiossibilitie^of 
a single pressure opening becoming choked*render it advisalilo to adogt 
the arrangement shown in connection with a Venturi meter in At. 196. 

t 

AeT. 10.—KeSULTANT FeESSOUE and CeNTEB of rilESSlIUB OF A 
BUSMEEGED AeEA. 

If p denote the mean prfissure intensity over a small element of ur^ea 
b A, the total pressure on this element will be given by p hA and the 
total pressure on the whole submerged area will be the sum of all these 
small normal pressures, and will be represented by Sp S A. 

The resultant of all these elementary forces is termed the Besultant 
PresstS^TAsathe area, while the point'm which the line of action of this 
resultant meets the area is turned the (lentre of Pressure. 

It the Centre of Gravity—or centroid - of an element 6 .4, be at a depth 
x below the free surface of the liquid, the total pressure on the whole 
iiubmerged area will thus be given by 

2 irx b A. 

If X be* the depth of the centroid of this area it can be easily shown 

that’s g:bA=x^bA = 3;A. 

.-. SJVxSA = JVAlg, 

i.e,, the .total pVessure on a single face of any sifbmerged area is equal to 
the area multiplied by the depth of its centroid below the free snrf%)e and' 
by .the ihtrinsic weight of the fluid. ’ . ' 

Eaeample 1.—Calculate the total prcssui c on the internal curved surface of an iieniispherici^ 
bowl of radius r, placed with U^imetrical plane horizonlal, and just tilledavith w'ater. 

Here I = ; .1 = a»r» ‘ 

i > 

^ f* 

^ Total pressure = 62-4 x 2 » x — = (12 *1 lbs. 

t Confirmed exjjerimentally by Messfs. Marx, Wing &<to8kins. “Trans. Amerfoati fliojp 
Ohd Engin^r8,'M8§8. 
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, In this case thp resultant pressure will, for equilibrium, be ver^icai and equ^l to the weight 
•of the^ater; 


, Resultant pressure i=s 6'1'2 x ^ lbs. 


In the case of a plodo surface, such as a dock gta,te, the total pressure 
on a face will bo the same as the )%s^ftanl pressure, lx)th being normal to 
• the face. 

Krample 2.--In tli^ock gate shown in Kig. 11, the wiilfluof gate being 20 feet, the depth 
'otthe centroid of the Mi|jmerged i«rtion on tlie right-hand siile is^ feet, and on the left-hand 
6i«^ is 2 feet. The areas of these suhmorged airfares are 200 feet ami 80 feet respectively, so 


that the total pressures, and also the 
^fi2j400 lbs. and 2 x 80 x 02*4 = 
10,000 lbs. • Thf^resultant of the 
two pj-essures will tlien be a sintrlc 
force of t5l},400 - 10,000 --- r)2,lo<i 
lbs, aoling from to left. The 
raaffnitude of the resultant pressure 
intensity, and of its distiibution 
over tlio j;ate arc indicated in h'ip. 
11. Here Ibe piessuro intensity at 
any deptli is indicated by the hori¬ 
zontal distance between tin' surface 
of tlie f?ato and the 8tr.iii,dil lines 
A ^^and F G. Tiie resultant pres¬ 
sure at any depth is then to the loft, 
ami is represented by tlie hori¬ 
zontal witlth of the shaded area. 
Kvidently at. all points below the 
lower surface level, the resultant 
pressure intensity will be constant, 
since the pressure intensity in¬ 
creases at equal rates on both sides 
of the <;atc. The resultant force 
to the left per foot run of the gate 
is represented by the shaded area. 

The determination of the 


residtaut pressures on the two faces, are 5 x 200 X 02-4 . 



positiomof the Centre of Pressure of an area is the sttme as that of the 
lint ofViction of the resultant of a series of statical forces pach normal to 
the surfac# under consideration. Referring this to rectangular co-ordi¬ 
nates *0 X and 0 Y (Eig. 12) of which 0 X is vertical "and 0 in the 
surface, we have, taking moments about these axes and representing Ihe 


co-ortlihate3,«f the Centre of Pressure by X Ij 

• (j> 8 A cos A' = i i]i B /conff ar) ] (1) 

li (p S A cos 0) r = S ip S A cos 0 y) j (2) 

writings = 11'. X’ these become •, ,,, 

i:(ir8.l cw6l.r)A'=:S(vrS.4co80g:“) 1 (8) 

£ (H'S A cos 0a:) Y ^ S(irSA aoB0xy) j (4) 
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Here ff is the angle between the tangent plane to the surface at the 
point, (x y) and the plane X*0 y. It follows that (6 A cos 0) te ths* 
projection of the surface ©n this plane. Call this ll', mdiet 'x'*/,he 
the co-ordinates of the centroid of this projection on* the reference 
plane. ’ ‘ * 

Then (3) becomes 

fv A' 31 .Y = IF 2 (S .1 cos 0 x^) , ,. ’ 

.. _ 2 (S .1 cos 0fr^) 

' “ . A' X' “ * 


Similarly 


_ 2 (8 /I cos 0 411 ) 

i - 2' x"' 


(«) 

» 


It follows that the centre of jjressure af any curved surface has the 

same co-ordinates as tkat of'its pro¬ 
jection on the plane of reference. 

-Eram/i/f,—The centre of iiressitre of the 
curvoil surface of a hemUpIiere liavinu its 
diametrical plane vertio.il, and immersed with 
its upper eilp;e. in the surface of the water, is 
at the same depth as that of the vertical 
diametrical plane. 

Since 2 (8 A cos 0 a ?). is the 

moment of inertia of the projection 

of the surface, about the axis 0 Y, 
« ^ * 
expression (5) may be written 



X =- 


. 1 ' /(' 


Fig. 12. 


_k'^ 

A' x' ~ x' 
where k' is the radius of gyration 
about the axis 0 Y of the projection 


of the surface on the plane .Y 0 Y. 

In tbe'ease of the Iiemispherical surface just considered—radius i 
,x' = r A'= 711'“ 


k'^z=~-~+^r^ 
. X= 




5 ^ I 
4’ I 


Where the surface is plane, the axes 0 X, O Y may be, taken in. the 
plane itself, when 0 =zQ)(, <fnd the above expressions j'educe to, “ 

A k - _ /A 
A .r ~ .(• 

2 (.r//8.1) , 

''Ax 


A*= 


Yi 
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Where the plang of the rectangle is vertical 0 = 0' and the above 


becoQieB 


A' = 


,P 

12 


+ (*+i) 


i?+ , 


Prom the form ot this jesiill it is clear that as h increases, X becomes* 

more nearly equal to^ (^k + i.e., the Centre #f Pressure approaches mcyre 

nearly to the centroid of the area. * ' 

* The position of the Centre of Presspr? 

may, in some instances, Ate deduced by 
elementary methods. ,• • 

K.(j., Parallelogram witfi base in sur¬ 
face (Fig. 13 ft). Divide the surface into 
a series of elementary horizontal strips 
of equal width. The pressure on each is 
proportional to its distance from the 
surface, and will be represented by tlje 
ordinate of the triangle E F H erected 
on the strip and perpendicular to the 
area as shown. This triangle may be 
taken* to represent the load diagram. 
The single resultant of this load will 
pass through the C. G. of the load area; 
will be perpendicular to the surface; and 
will therefore out the median line E P'at 



2 

^(distance from E equal to ^ E F, i.e., at F. 

If the upper edge of the parallelogram be at a depth ft below the 
surface, the load diagram will now be a quadrilateral E KLF, such that 
L K when produced meets F E produced in the surface. “ • 

If E A = Pi and FL = pi, considering the pressure per unfc width, we 

may divide the load area into two, E K F and F K L (Fig. 14). 

• • 

The resultant of first is Ri = . E F = ft. 

t • ^ 

„ „ „ second is Ej = ^. E F = ^ ft. 

This varyiijg pressure may then be replaced by two single for^s Ri 
Hid El, acting through the C. Gj. Gi and Gi o^the two* load areas, i.e., at 
jKiints distanoS | £ F from £ and F respectively. 
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CENTRE OP PRESSURE 
me rosaJtant of these will pass through P, where 

C'a P Ri pj’ 

me tjentr^of ftessure divides the middle'third of the median line in 
the inrorse ratio of th% pressures at ttie two ends. * 

The magnitude of the resultant /f = 

Taking moments about F we have 


3 ^ (•- P. 

• •• i.+ Pi = - 




• = |2b-3h’i4. 


h'P-bj 



If /<’ P = then Pa = 0. 

third or?//lh extremity of tBe middle 

Wura oi^h ly the pressure at one end is zero. 

thud. Wljprevor the pressure intensity varies uniformly across a surface 
as in 4his case, this deduction holds true. One particular ease, of great 

retmv“”“ fr occurs in a masonry‘daZ or 

retaining way exposed to water pressure on one side. Here the pressure 
across any Iiorizo^tal joint varies uniformly, ^„d in order that the 
J inting material should not be exposed to a tensile stress the C. P. of each 
jointjghould he within its middle third. * 

cashes® ‘he position of the centre of pressure in som« 

cases of frequent occurrence in practice (Pig. A, B, C, D). Tbl> 
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;;4t^anoea d, h and^, are measured in the plane of the figure in each 
case- 


Flgori!. 1 A ; 

B 

• , • 

1 - • -IT 

* 

D 


• 

f)/,3 + ifi 

(i/f 2d 

m + s//,7 f. srf!! 

()/(, 

' 1,^ 

k + —. • 

l«/t 

• • 


^ Art. 11.—Equilibrium of Floatino Bodies. 

When a body is freely floating in a liquid, the conditions^of (^uililtrifin!' 
may be inferred by imagining the body resnoved and the space occupied 
by it te, be filled with the liquid. The reactions of tlw eurfoundi *g 

liquid will be unaltered by the. 
change, the whole being still* ii^ 
equilibrium, and it is clear that 
the resultant jiressure of the' 
surrounding liquid is vertkially 
upwards, and is equal to the 
weight of the displaced liquid, 
and also that the line of action 
of this resultant pressure passes 
through the Centre of Gravity 
of the displaced liquid. It 
follows that for equilibrium the 
weight of the floating body is 
equal to the weight of the liquid which it displaces, and that the Centres 
Gravity of the Jiody and of the displaced liquid are in the same 
vertical Tine. 

Thj Centre Of gravity of the displaced liquid is called the Centre of 
Buoyancy. * 

Stability of'Equilibrinin.— If a floating body he slightly di^laeed from 
its equilibrium position so that the line joining the C. G. and theKlentre 
ol» Buoyancy is no longer vertical, the forces now actiag may tend to 
restore the body to its original position; to move it stiy further fromi 
thuat position; or to nsaifitain it in equilibrium. Jn the’fi;st'ca*se the 
oqqilibrium is said'to be stable; in the second, unstable; and in theihird,^ 
neutral. ^ , 

„ Let_G (Fig. 16) be the C.-^. of the floating body; H the Cf^tre^i 
Puoyanoy whSn in^he equilibrium position; and 1 /' the C. B, 
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displaced position shown. Through H' drjw a vertteal H' M io ih^t 

• * • 

The weight of thl'body now acts vertically downwards through 0, and 
the equal force of bnoy|ncy vertically upwards through H', each of these; 
forces being equal to If', the weight ot*the body, and together forming a** 
ajouple whose arm is G N, the perpendicular from G to W M. 

Obviously if Al^is above G this couple tenfls to restore the body to 
its equilibrium position, scf that the equilibrium i8> stable, unstable, or 
nehtral, according as M is above, betow, or coincides with G. 

. If the angle of displacfment = S, the magnitude of th# righting 
moment =* IT* G iV = W. G M sin ff. 

»As ^ ^ increased the positfen of the intersection M of the verticals 
through H and W will in general 
move and will npi)rouch or recede 
from G. 'i'he point M, for an 
infinitely small angle of displace¬ 
ment, is called the Metaoentre of 
the body, and the distance G M 
is called the Hetacentric Height. 

Evidently in ship design it is 
of the highest importance that 
the metacentre should be above , 

G, under all conditions of loading • 
and under any circumstances of 
rolling. 

The height G M may be 
determined experimentally by 
placing two equal weights P at equal distances x fiipm, the centre line of 
the vessel, when floating on an even keel and in its equilibrium positaon. 

Let W be the weight of the vessel, including the weights P. < 

fhetfif both weights he moved through a distance 6® to the right, 
the C. G- #f the vessel will move through a distance G G' (Fig. 17) 
where 



Also G G'will be parallel to the direction in which P,is moved, i.e., will 
be perpendicular to G M, since if any portion of a body be moved in a 
given*direction, the C. G. of the whole moves in the same direction. 

If 6 be the angle of heel produced by tills shift of the wjights 
G O'= 0 M taxi 0. 
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' /.a M — (j cot - j, * 8 X cot 6. 

6 may 1)0 nifiasureil by iniiing t.lui change in iiicliimt^jn cC a long pendu- 
bmi as the weights are moved. The experiment*should be repeated for 
different values of 8 .r, measured 1x^,1* to tho right and to the left, and a 
curve may then be'drawi^ on an angle base, showing values of G M. Ey"' 
e.xtorpolation the value‘of G M in the limit when (/= 0 can then be 
determined. ' t ' 

Since the righting eou|)lc IT . G M .sin 6, this eipials '1 P B x cos 0, 
so that the sa,mo ex])eriment enaliles us to draw tho Stability Curye. 
showing the value of this righting couple for different angles (?i heel. 

If the small masses bo moved about, the weight, and ttierpfore tlto 
' volume of water displaced re¬ 

maining constiinl, the locus of 
the (lentre of Buo 3 Wicy is 
termed ibe Surface of Buoy¬ 
ancy. Since, for equilibrium, 
the vertical through the C. I^. 
must jmss through the C. G., 
and since for small displace¬ 
ments, the line joining two 
successive jiositinns of the 
(1. B. is parallel to the surface, 
Fm. IS. ^ it follows that the tangent 

plane to the surface of buoy¬ 
ancy at the (1. B. is parallel to the water surface, and therefore that the 
v^'tical through tho C. (i. of the body is normal to the surface of buoy¬ 
ancy. In other words, any curve of buoyancy J/j Ih Ha is an involute 
of tho corresponding curve of metacentres il .2 (Fig. 18). 

In general in tlm case of a ship, owing to the fact that the underwater 
contours are pot symmetrical about an amidsidps section, ns they are 
about a longiliidinal section, the vertical through the centre 6i bupyancy 
in the ((jsplaced position will not intersect the line H G, since the C. B. 
is now displiicod in a dilhuent plane from that of the rotation of the boat.' 
By projecting the vcirticalq through the successive centres-of buoyancy' 
on to two vertical planes, one running fore and aft, and the other perpen¬ 
dicular to this, we get one series of intersections on each plane, and thus 



got two metaceiitric heights, the first for pitching displacements (Fii. 19), 
and the other,^previou^ly obtained, for rolling disjilacements. 

The latler is in general, foi the ordinary type of ship, by far the morq 
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,impoj’tant, although the stability in a loygitudkial direction may bo 
seriously affected by tbe flooding of ono or*more watertight compartments. 
In the cyse of *essys of tbe submarine tyi)(?, the longiludinal stability 
becomes of the greatest imjiprtance, lack of such stability causing 
a tendency to dive suddenly. 

• The metacentric height for 
fore**and aft s^placomeuts 
iflay be experiineutolly defer- 
rmneJ just as for rolling 
displacements. ‘ 

The poSiti«i of the niota- 
t;cntre jnay be doteniiinefl 
theoretically *as follows, it the 
positions G and TI of the 
tl. G. of the vessel and of the centre of Imoyand^- are known. 

Let .1 = area of section of vessel made by tbe ])lane of water line, or 
))lane of flotation. 

„ K = radius of gyration of this area about a longitudinal axis 
through its Centroid. 

„ V = volume of water displaced liy vessel. 

Let G, ][, ]l', M, have the 
jueanings deviously 
attached to them. 

„ 0 bo the elevation of the 
litje of intersection of 
the planes of flotation 
in the equilibrium and 
displaced positions 
(Fig. 16). 

Then if #small angular dis- 
placenKiiit 0 he given to the 
vessel, the volume displaced, 
being proportional to the 
\teight of tbe* vessel, does not change. * • 

Volume of wedge a « «' - volume of h <i I/, 

Again if ?/ be th# dejtth, perj>endicnlar to tTie^aper, of any element « .r 
of the wedge at a distance x from o* the volume of this element 
= y.x B h X. 

■1 

d X* 

irD 2 
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Sincb volume displaced is unaltered we have 

la' n, 

P j "x 1 / (\ X — 6 j X 1 / d < 

Jo Jo e 

and for this to he true the axis througji tt must pass through the centroid 
af the water line secHou. Also, due to the immersion of the wedge a n a' 
and the emersion of h n b'\ we get an upward force ofi^omoyancy trans¬ 
ferred from C. G. of wedge h <> h' to that of a o or shice if w = wl of a 
cubic foot of water, the moment of bnoyaiicy due to the immersion of any 
element of fiie wedge as shown is w. 0. // i.r. ’ 


Moment of buoyancy of 
\ a 0 a' and h o h' 


. A" 

= V 0 j y .r d 

J- h 


d X 


= ir 0 A 

But by the transference of the wedge of water, the centre of buoyancy 
is moved parallel to c c'; c and c', being the C. (P. of I he wedges; through 
a distance 7/ 77', where 77 II', V w — w 0 A (as before). 

II11' = Jr J. 


Also, if 0 is small 


II H' 


■■ 0 very nearly. 
A K‘‘ 


IIM 

f 

- ^ .-. I1M=- 

,) 

Khowing 77 M, and deterl^iining G M experimentally, 77 G can be 
detennined, from which, if the position of II is known, that of 0 may 
then be found, 77 may in general be determined with comiiarative ease 
sipce the contours of a vessel at various levels, and hence the volumes 
displaced, betweeu thiise levels, are usually accurately known. The 
problem then simply resolves itself into finding the C. G. of these volumes 
by taking moments libout the water line. 


Abt, 12,—Time of Oscillation or a Hollins Ship in Stili- Water. 

When a floating body is freely oscillating, the resistance of the water 
being neglected, its motion is similar to that of a pendulum except that 
the body does not now oscillate about a fixed axis. 

Just, however, as jn the case of a pendulum, the righting couple is pro¬ 
portional to the sine, of the angle of displacement, so that the time of a 
complete double oscillation is given—as in t he case of a pendnlum'^ by 
y _ 2 ^ /Moment of inertia of body ab'out axis of osci llation 
~ . » J X righting moment for unit angle of displacement. 
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Ae the displacement increases, the curve, to which the plane of flotation 
is e]{erywhete tangent, is known us the Ciijve of Plo*tatio;i, and evidently 
in rolling^jihe motion of the body is exadtiy the same as if an imaginary 
curve cif flot(*ion fixed in the vessel were t6 roll on a fixed horizontal 
surface. The positicm of the.instantaneous axis of oscillation may then 
lie determined by noting that ^ce the weight of the vessel and the 
buoyancy, both vertical, are the only forces acting mi the body, the C. G. 
ofTIie vessel m%st move vertically, if at allf “'> t^at the instantaneous 
Tlxis is in the honzontar'iine 
tlirough O (Fig. 20). Again 
since the curve of flotation 
rolls on herizontal surface, 

•the instantaneous centre mtfst 
also be in the vertical through 
the centre of flotation F, i.e., 
the axis is at 0, the point of 
intersection of <1 O and F 0. 

For small oscillations O will 
sensibly coincide with 0. 

If I; = radius of gyration of 
a body of weight W about an 
axis through its C. G., and if 
m = metacentric height for rolling displacements, the e’auation of 
motion may be written 

,fe . . 

,-.2 •-r II w mn 0 = 0 

d f g ' . 

or for small displacements 

.-h II 111 0 = 0 

d t II • 



Fio. 20. 


from njhieh we get 7' = 2 ir the relation giveji alxivo. 


’Although a certain unknown mass of water will move along with the 
vessej, iuSreasing the inertia of the moving mass without increasing the 
restoring couple and thus tending to increase the time of oscillation, yet 
in practice very close agreement is found between the calculated *and 
experimental periods. , 

E.g. In thi Devastation, the calculated \ime^was 7 sees.^ 

„ expeaimental „ 6'75 secs. 


I These are the times of a siugle uscillatioa. 
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E.g. In the Monitor (TI.S.N.) calculated time was 2‘5 sees. 

^ ‘ experimental „ '2'7 <<ecs. 

Proude, experimenting on slfips fitted with and without bilge keels,' 
found that the effect of tlio keel is to extinguish thli ostillatio/is mure 
rapidly, but that the effect on tlie peri^)d of rolling is very slight, the 
averagf! difl'ercnce produced by the ^ufdition of these, keels being about 
f) per cent. Also tlw! e.xlinctive effect is greater when the ship is moving * 
than when stationary. ' f 

The effect of an kicrease in the metaeenffric heifiiit is to stiffen thfe 
vessel and to diniinisli the period of the. oscillation, while any increase in 
its I'adius (S gyration tends to inci'eas(! the period. Ton great stiffness is 
inadvisable because of the tendency of the forces brougli* iifio play to 
strain the vessel, and it is often advisable iif the case of a cargo juissel te 
arrange the cargo so tiuit its heavier portions are as near 'to the skin of 
the vessel as possible. This increases the radius of gyration, and thus the 
period of rolling, without seriously affecting the stability. 

The metacentric height in the case of merchant ships varies of course 
with the Joading, hut when fully loaded is usually between 12 and d feet. 
For small vessels, such as tugs and torpedo boats, it varies from about 
1 to 2 feet. 


Akt. 111. - Strjingtii of I’ipf.s .cnd Cvi.ixnims. 

This .rSf bo briefly discussed as being of great importance to the 
hydraulic engineer. ^ 

In a thill pipe the stress over the whole thickness of metal may ho 
taken as lieing sensibly uniform, and by considering a section made by a 
diametrical plane we see that the force per unit length of pipe tending to 
rupture it across this plane = 2 r p, where 
‘r = pipe radius in inches. 
p = internal pressure in lbs. per square inch. 

If f = thickness of pijie in inches and 7 ^= stress per squape iipih 
in metal, we have the force resisting rupture along this plane jr 2 ft 

for equilibrium f =■ or f = ^. 

For steel or wroughl-iron pipes this rule is sufficiently accurate, and • 
here the working value (/ /’Varies from 7,500 to 8,500^1)8. per s,quare inch 
for wrought iron, and 10,000 to 12,000 lbs. per square inch for steel, 

* For an investigation into tiic. actum of biljjp kepis see a paper by Dr. G. H# ^ryain 
“Trans.'Inst. Naval ArcliiteclH,” lltOO. Also by G. H. Baker, “ Trans, Inst. Naval ArcIHtects,” 
1UI2. ‘‘ 
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increasing with the size of pipe. In a riveted ])ipe the efficiency of the 
yivete^ joint %nust be taken into account in dotermiiliiig Jhi.s tliickuess. 
This may Ijp taken at iilK)nt t>r> per cent! for single and 70 per cent, for 
double riveti.o#. a ininimiim tliickness of ‘about iiicli should be 
adopted to allow for anff reduction by corrosion. 

Where the pipes are to be closed to considerable pressure, and 
•especially when made of cast iron, the distribution (*f pressure over the 

walls^is not so simple, those 
fibres of the metal nearer the 
centre being more heavily 
stressed than those ftirther re¬ 
moved. In this case consider 
lh(! (Hjiiilihriiim of a portion 
of an elementary i-ing.of metal 
coucciitric with the [lipe, having 
inner and outer radii rand r-f- 
S r, and subtending an angle S fi 
at tlu^ centre (Eig. ‘21). Let 
the radial pressure on the faces 
of this (dement he p and p "h S aaid the circuinhu'ential stiv.sH in the 
metal be f. 

Then, for ('(juilihrinin of this ehmient we have 

S p) {!-{- B i) S 0 •- p r B 0 f B r B 0 = 0 G) 

. •. r B p ji B j -\- J 8 r = 0 

Again, if we assume that the plane ends of the pip<( remain plane 
during extension, we get the further (condition that 

p — /■ = constant = ‘2 .1. (3) 

Combining this with f2) we have, in the limit 



or 


r'[^‘ -f •2p = ‘2,l 
<1 r 

+ ‘2 p r = ‘2 A r 

'lH'-^ = ‘2rl r. 
a r 


( 4 ) 


Integrating this expression we get 


p = A -fVd 
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and, from (fl) 


/= - •( + 


B 


( 6 ) 


AsHuniing, as is generafjy jjermissilile in practice, t^at whe/r = co, ic., 
at the outer circumference, p = <>, and putting p = pi wlien r i.i'., at 


the inner circumference, we get otj suKslituting, 


■' = ?'i f 


' - rJ 


\ U-n ' I 

Substituting these values in (0) we have ' 

/ = + 1 

I 

Evidently this will have its maxiinuiii value when r =: r,, i.'?., at the 
inner circumference, and at this jioint. 


(7) 


This may he written 


'-‘‘'nr 


■ n- 


ro 




( 8 ) 


.( 0 ) 


The value adopted for the working stress /'varies with the pipe diameter, 
and with cast-iron pipes increases gradually from about •2,0(lfl lbs. per 
square ijich in a ‘2-ineli, pijx! to 11,000 lbs. per square inch in an 8-inch 
pipe, »b4v 3,,')00 lbs. per square inch in a pipe or cylinder of 24 inches 
diameter. 

The following table indicates the thickness of cast-iron pij)es and 
tylinders for heavy pressures, as calculated on the above assumption. 
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Collapsing Pressures of Cylindrical Pipes. Tlie sudden discharge of 
watenfroni a hydraulic pipe line, sncdi ns may follciw a hinjst at its lowest 
point, niajfaunless special piovision he made, lead to the production of a 
partial vacuum* in the pipe and thus give rise to an elTective external 
collapsing pressure wHSch is inoreiised, by the pressure of the earth filling 
in the case of a buried pi])o. Ver^fciw reliable experiments are available 
as tojrhe effect of such pressures on pipf^s of larg^ dian*ler. li T. Stewart^ 
as the result of ex^srimeiits on steel lap-welded tubes of diameters ranging 
frjm 3 to lOinches^oncluded that it^the length of tbfi pipe is greater than 
(! diameters the collapsing jrressiire /i,. is given by 

p, -• ]0#0 ^1 — V^l — KiOrt if ji, is less than 581), 


or „ „ „ 

t . * t 

while }i, = 80070 — ].‘)80, for higher values of p,. or of 


•o23. 


fV 

Herep, is in jioinids per sipiare inch; I = thickness in inches; 7>„ = 
outside diameter in inch(!S. IE slightly distorted, later experiments'■'on 
10-inch pipes with thicknesses of '15 to "20 inch indicate that the 
colla])sing pre.ssure p/ is approximately given hy 
•O'.llt (p,. 50) 


?>.' 


(.r -.-874)* 


-f 50. 


Whiu’e p,, = collai)sing i)rosKnre for corresponding circular pipe, 
a; = ratio of maxiniuin to minimum outside diameter. 


Examples. 

1. Tn a hydraulic press the ram is 10 inches ai^d the pump plunger 
1 inch diameter, the bivorage foi' working the pump 10 to 1. What is the 
velocit.ti ratio of the jnnnp handle and ram 2 ActuaHjV a force of 80 lbs. 
ex*irts*a pressure of 4^,000 lbs. on the press table. W'hat is the 
efficiency it 

Ans.: 1,600; 91'7 per cent. 

2. A dock gate is 12 feet broad and 14 feet d(!ep, and the water rises 
12 fget on <»ne side and 8 feet on the other side aliove its lower edge. 
Find the •resultant pressure and centre of pressure for each side of the 
gate and lind the magnitude and position pf the resu'ltaiit of these. 


“ Tmns. Am. Sue. .Mneli IHOii. p. 7^11). 

■■ Trans. Am. Soc. Mcch. Eu^.,” l‘JU7, p. 123. 
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Ans.: 53,914 lbs.; 3,370 lbs.; centres of pressure 4 feet; 1 foot from 
lower edge. 

Single romiltanl ,50,541 lbs. iit 4'20 biot from lower edge. 

8. A rectangular sluice *g<il(!, 5 feet broad and (i ffeet deep, hjiving its 
upper edge at a depth of 4 feet, is inclyied at 4J“ to the vertical and 
admits watrw to an ein])tv pruistoclc. ^'fie sluice is lifted by a force applied 
parallel to its plant. Determine tlui iiewssarv magnitiub! of this force • 
if the coeflicient of frictioA between gate and guides is/12. 

Ans.: 1,375 lbs. ‘ 

01 

4. A circular conduit, (i feet diameter, whiah just runs full, is fitted 
with a sluice, and it is required to balance this about a liori/^mtal axis." 
Show that this axis should be placed 2 feet ^ inches above.*the bottom of 
the condpit. ^ f 

6. A veVtical wall, 10 feet bigb and 3 feet thick, is exposed to water 
pressure on one side., Wbat is the maximum depth of water in order 
that the lowest joint should not be anywhere under lemsion ? Weight of 
masonry per cubic foot = 170 lbs. 

Ans.: (1'2() feet. ^ 

6. A battleship weighs 13,000 tons. On filling the ship’s boats on one 
side with water this weighing 06 tons and its m<'.an distance fiom the 
centre of the boat being 30 feet -tho angle of displacemmit of a plumb 
line is 2'^ 1(1' (tan d = ‘OSOO). Determine the metacentric height for 
rolling ^isj)lacements. 

Ana.: 3 feet G inches. 

7. Show that a so'lid cylinder of length I, radius r, and specific gravity *, 
flr^ting with its axis vertical, is in stable equilibrium if 

■)■ > 1, \/2 s(l-,D. 

8. A single-riveted steel pipe, 30 iuebes internal diameter, is exposed to 
a head of 450 feet 5f water. Taking 12,000 lbs. per square inch, and 
the efficiency of the joints = 60 per cent., what'should be its thickneffk? 

Ans.: t = -407 inch = inch. 

A cast-iron pressure pipe, 4 inches diameter, is exposed to a pressure 
of 1,100 lbs. per square inch. Taking/= 2,800 lbs. per ^ square inch,' 
what is the requisite thiekuSess ? ' 

‘Ans.: t = 1-032 inch = inch. 

10. The mean pressure over the horizontal section of a dam is-® tons 
per square foot. The centre 6t pressure over this section is at a point 
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distant g of its width from the down-stream edge. Determine the 
maximum and minimum pressures on the aectjon. ■ 

i!?«s. (= ^'75 tons pei'square inch. 

. iVIinimum = 1-25 „ „* 

11. It IS proposed to sfibjoct thff Icjwea f) feet of a wall 17 feet high and 
fold thick, weighing LIO lbs. per e«i.ic foot, to water pressure. Deter¬ 
mine Jl^e centre of messiiro on the lowest horizontal seC'tioii. 

Alls.: At a distau^from tlje cent/e of the section = 7'14 inches. 
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CHAPTER 111 

• * # * 

Mol ion of Viscous FIukIh—S tream l-ine ni^l Kddy -Vorticoa—Conditions reg^dating 

the two modes of Motion - llcvuolds's Hesearclies - ^‘ntical Velocity in Parallel Pipes—In 
(!oin%ging Pijies—Motion of a Fluid —K(|uafions of Motion—Flow against Viscous. 
Hesintanee — lletwccn I^uallel Plales Thiongh Circular Tub^ -i'cnesis of Ediiy 
Formation. 

• Akt. 14. —Motion op Viscotrs Fli'idb. 

Whkn a rigid bodj- moves, the motion at any point in its mass can he 
accurately determined once the motions of any three points, not in the 
same straiglit line, are llxed. In this case, when the boundary conditions 
are known, the determination of the internal motion is simple. But (vith 
a fluid such as water the motion of the mass of fluid as a whole does not 
necessarily give tho internal motion. While giving the mean motion, it 
does not tlx the absolute motion of each particle of the fluid relatively to 
any fised point. This fs quite apart from iiitermolecular motion, which 
gives rise to diffusion in ,a inass of water even when apparently 
motionless. ^ 

By the enrlier^experiiuentalLsts the motion of water in mass was im-. 
perfectly understood. On the assumption of a motion simple and 
analogous to that of a rigid body, it was impossible to reconcile the 
results experiment|illy obtained by many observers, while the very trans¬ 
parency, or nuiforin opacity of most fluids made it impossible to see the 
internal motion*. I'rohably the first indication of there heinf^more than 
one kind of fluid motion was obtained from, the appearance «f tl*s free, 
surface of flowing water. Where not otherwise disturbed ^his may have 
two appearances, corresponding to different modes of motion. In the one 
objecls are reflected from the surface without distortion, while in the 
other an irregular motion of the surface may he noted,.affd reflection is 
accompanied by disto* tifin. Where motion occuw in a passage having 
Solid laterol houfidaries, liojvever, even this indication is absent, and the 
introductio^i of floating particles of solid matter does not helg to any; 
extent in showing the naturp of the action which is taking place. 

Matters ilmained in this state for many years, and it was left fpr 
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Osborne^ynolite, by, his method of colour bayds,' to pfove conclusively 
that the motiim in a mass of water may btfof two kinds ; to make clear 
the simplicity of* the one, and the complexity of tlio other; and to 
demonstrate the reason% for, and the laws governing each kind of 
motion. * 

*rhe conclusions to be drawn from Professor Iteynolds'jj experiments are 
as foirSwsfir8tly,^ve may have a continiioiiS steady motion of the 
partfcles, in which th(\fnoti()n*at a fixed jmiut always romaims constant; 
and secondly, we may have unsteady oi'‘eddy motion, when the motion at 
any fj'^ed point varies according to no dednite law. This is duo to the 
formation of Mdks or vortices in the fluid. 

iBtrodncj.ng the idea of stream lines, oc., of imagimiry lines in the, fluid, 
such that at any point the dh'eclion ef motion is tangential to the hue, it 





Fre 

follows that in steady motion those stream lines become fixed, and this type 
of motion is therefore known as stream line motion. Certain properties of 
'these stream lines are of interest. They must always have a continuous 
curvature,#xcei)t where Ihc motion is zero, sitice to cause an infinite change 
‘of cur^atufo, an infinite forctHictijig perpendicular to the direction of curva¬ 
ture woul^ beRocessary. It follows that in steady motion a fluid will always 
move in a curve round any sharp corner, and that the stream lines wyll be 
tangential to ^any such botmdaries, as indicated in Fig. 22 « and b, in* 
which the geneftil form of the stream lines foi;| steady flovv out of two 
forms of oriflee are shown. With a very viscous fluid, an approximation 
to this infinite force may he introduced by tin.' effect of cohesion, and the 
'radius of curvature may then become very small. This 1ms teen clearly 

* Fur a full uccouut of tliis jiu tliud of investigatinj< the two‘nianiierH of notion of water 
see a paper by Oaborae lieynolils-, “ I’liil. Trans. Koyai Society,” 1883. ^ 
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shown in a series of expeiiments by Dr. Hole Shaw’, who, by pjoducing 
flow between two parallel glass plates at an extremely small ^stance apart, 
produced a state of afeiirs in which viscosity was Aie predominating 
factor. In ordinary cases, however, this is notsso, and the effect of the 
inertia of the fluid is more m(y;;ted than that of cohesion. On this 
account it is alw^'s noijessary for easy flow to design any pipe or passiigo 
for conveying fluids with curves having as gnj^ual a curvfflire as 
possible. * 

If the stream line be imagined to form^ the axis of a tube of ^nite 
section^ area having imaginary boundaries, and such that its area^at 
different points in its length, is inversely proportional ki tfle velocity at 
those j)oints, this is known as a stream tube. 

If the motion at a fixed point varies, and if it is still possible to lind a 
definite motion for tjiese points such that the motion of the fluid relative 
to the points may remain constant, the latter may be reduced to steady 
motion by considering the motion relative to these moving points. The 
fluid may then be said to have a continuous, steady, but unequal 
motion. • 

In almost all the cases of fluid motion which are of practical importance 
in hydraulics, the motion is found to be uiistoady. 


Aut. U).*—Voutuks. 

/ 

A mass of fluid, rotating about soiucl axis in the fluid itself and forming 
a closed circuit, js termed a vortex or eddy. This axis may be straight, 
curved, or may return on itself, in which latter case we have a vortex 
iHng. Where a vortex of the former type is formed, it may be shown that 
the motion is unqfable unless the ends of the axis are in contact with 
some solid surface. A stable vortex, whether with a rectilinear or a 
circular axis, n*:vy be projected through the surrounding ^fluid with 
surprisingly small loss of energy. 

An instance of this may be found in the case of the ojdinary smoke 
ring, or of a similar vortex ring in water. If this vortex ring b8 coloured 
iiy the admission of aniline dye to the generating box,»and if the ring'be 
then projected through‘a tank of clear water, it is seen,to* travel with a 
motion of uniform rotation about its circular axis ^hroug\i |he surround- 
'ing liquid, its oifter layers ^moving, relatively to the axis, in the opposite 
direction tp that of its own motion of translation. Relatively to the 
surrounding water the motjon at the outer layers is very smalf, so tliat 


Trans. Inst. Naval Aiohitscts,” 1897—8,1900. 
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the V((rtex mo'i'es through the surrounding fliuid with a resistance almost 
akin to rolling friction. This account.s for £he small resistance experienced. 
The surrounding water is displaced in a direction at right angles to that 
of the ring’s translatioti, and thgs, with a ring moving horizontally, waves 
are produced on the sui’facc of tho^>,’ater. 

» That the relative motion between the outoi^ iii.yei*rf of the vortex and 
the fflrrounding w^er is very small is shown by the slowness with which 
tlft coloHied water'ili the riifg diffuses. ' 

An attempt toprn])el a sohd sj)hoi enf ajiproximately the same size and 
ijifiss as iho ring through the fluid by moans of a sudden blow, shows 
very forcibly tko relative loss of energy as coinpii,r('d with that of vortex 
motion. , * ^ 

The whole siibjeet of the translatory motion of vortices is fraiight with 
difficulty. and no attempt will be made here t(»^ discuss this motion 
analytically. The following m.av be taken as a partial exirlanation 
of the roaiiou of this translation. Consider a vortex ring at the 
instant of formation. The velocity at the interior of the aperture is 
greater than that outsidi'; tlu^ jiresstn-e insiihi is therefore less than that 
outside; and in consi'quence the ring begins to contract. The effect of 
this contraction of the aperture is to sot up motion in the surrounding 
fluid, which, combined with the cyclic motion inseparable frojn vortex 
liroduclion, increases the vnlocities in front of, and decreases those behind 
the ring. This sets up a difference of pressui’e at similar points before 
and beliind the. ring, which urges the latter forward with an increasing 
velocity. A limit to this velocity is reached when the velocity within 
the apei ture apjrroximates to that without.' 

The mass of fluid forming a vortex has the proporty that its momentum 
is unaffected by its angular motion, just as the inoiuiiutum of a fly-wheel 
in any direction is unaltei'ed by the fact of the wheel itself rotating about 
•its own iftiis, the momentum of tho mass in any direction being equal to 
the tnasl multiplied by tho 'resolved part of the velocity of its mass centre 
in that ^ireStion. 

When a stream of fluid flows past an immersed solid, at all but Hje 
slowest velocities eddies are formed in the rear of the solid, which, 
however, are Mbt of the type already described, *n J,hat the motion is not 
now cyclic, the mass^omprising an eddy being composed partly of fluid 
flowing around the edges of the solid and* partly of fluid drawn from 
its rear face. As a consequence of this there is a continual backward 

* For an extension of this idea and for au investigation into the tuition of vortices, consult 
a paper by Air, W. M. Hicks. " riiil. Trans. Koyal Socicly,” 1884, p. 161, 
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flow towards the central portion of this face, to make gC(od the loss of 
fluid abstracted by the eddies at its sides, the state of affairs being 
represented in Pig. 23 A. , 

Where the body extends from the surface to thf, bottom of the stream, 
so that the motion is sensibly in two dimensions, the eddy formation is a 
discontinuous process. Tu such a case eddies may be formed either,, 


/> 



Fin 23. 


simultaneously at each edge, or alternately at the two edges Sf tl^ body 
as shown in Fig. 23 B. 

'the eddies as first formed, are small, and gradually grow,until suffi¬ 
ciently large to impede the Rearward flow in the wake which Is necessary fo 
feed them. They, then break away and join the frocessioii of eddies 
forming the boundary of the«wake. 

When forihed in three dimensions, eddies may be produced 'either 
., continuously ur discontiuuousiy. In the forn,er case they are at different 
Stages in (heirgrowtnat different points of the perimeter of the body, an4 
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appear in the i^ake as a spiral (Fig. 23 C). This typo of vortex formation 
is usually fjitnd in the rear of a [)late, iionnal or slightly inclined to the 
current. IrtheijdatB be inclined to the current at an angle exceeding 
about 30“ theforiiiatioi^bocoiiies discontinuous, as indicated in Fig. 23 D,* 
which shows the eddies formed V*iind a square plate inclined at 40“ to’ 
J;he stream. In this type of uiotivifcwo spirals are foyned from the sides 
of th«»plato and are Jinked togetl'er to form a dliain of eddies by a sheet 
ofiluid flowing froj\tbe tj ai'.ing odge of tlu! jdate. , 

From the niannnr of eddy forinatian it is evident that the pressure on 
the rear surface of the body*in a current of fluid will be less tha« normal, 
and subjectWio periodic variation, the period do))ending on the time of 
formation of an eddy and so on the shape and dimensions of the body 
and on the velocity of flow. ,• 

If the body is suppoi'ted so as to bo capable of vibration, and the period 
of eddy formation synchronises, or neiirly so, wifh that of its natural 
vibration, oscillations are set ii]) which may become very large. This 
effect may often be noted where a flexible bough dips into a steady stream. 
On account of this action, current meters, in which the pressure on a 
stationary flat plate is taken as a measui’O of the velocity, are not 
satisfactory. 


Anr. 16.—Conditions reguuting the Two Manneiis op Motion. 

Several conditions combine to determine whether in any particular 
instance the motion of water shall be steady or unsteady. Osborne 
Reynolds® came to the conclusion that the conditions tending to stability 
and steadiness of motioii are;— 

(1) An increase in viscosity. 

(2) Converging solid boundaries. 

(3) Free (exposed to air) surfaces. 

Cffrvature of the path, with the greatest velocity at the outside of 
the cur^e. 

And that the ^conditions tending to instability and unsteadiness of 
motion are:— 

(1) A decrease in viscosity. 

(2) Solid (rigid tfJbgentially) boundaries in genertyi and particularly 
diverging solid boundaries. 

(3) A stream of fluid flowing through fluid at rest. 

* Tech. Report, Aviation Committee, 1911—^, 

* “ Phik Trans. Rojol Society,” 1883, 
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(4) Curvature with tlje greatest velocity at the inside of the curve. 

,(5) Greater density 6f the fluid. 

Experiments carried out at McGill University show thiw an'increase in 
pressure also tends to stahility of motion. C 

The effect of solid boundaries in producing instability would appear to 
1)8 due rather to their tangential than their lateral stiffness. One very , 
remarkable instance of tfiis effect of boundaries po^essing tangflitial 
stiffness, however small this may be, occurs when a flip of oil is allowed to 
form on the surface of water. Hero ihe oil fllm exerts a small but appreci¬ 
able tangential constraint, with the result that ujotion which was originally 
stable becomes unslable. ‘ • • 

This results in the formation of eddies below the surfaces of the oil and 
water, and the enei-gy which was originally imparted by tlnfaetion of the 
wind to form and maintain stable wave motion is now applicsd to the 
institution of this eddy motion, with the well-known result as to the 

stilling of the waves. 

Where one stream of liquid is in 
contact with a second stream mov-i 
ing with a different velocity, the 
common surface of separatijii is 
found to be in a most unstable con¬ 
dition. Reynolds showed this by 
allowing the two liquids. Carbon. 
Bisulphide and water, to form a 
horizontal surface of separation in 
a long horizontal tube. The tube was then slightly tilted so as to pro- 
due^ a relative axial motion of the fluids, wheir it was found that for 
extremely small valn 'S of the relative velocity the motion was unstable. 

• In this manner may be explained why diverging boundaries are a cause 
of instability. In such a case as that shown in Fig. 24, the mot'on from 
A to B in the parallel portion of the channel may be perfectly stesidy, 
depending on the dimensions of the channel and the velocity c,f flow. On 
leaving. B, however, at any but the smallest velocities the water appears 
to* be projected in the form of a core of the same dimensions as the 
channel, through the mass-of dead water at C and D. o'Here ^11 the 
conditions necessary fo/instability are present. 

This instability attending the relative motion of fluids of different 
density affords an explanation of the interesting phenomenon knnwp as 
“ deadwater,” which is son)etimes noticed when a ship encounters a 
surface laver of fresn water, overlying the denser sea-water. Under such,* 
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cireu|pstimce!* the resist.mee to motion ,i.s greatly increased. The 
phenomeuaii lias h?,;'ii iiivestigatail liy V. W. Ekinan (Norwegian Polar 
Expedition UesAii-ohiis. iSilU. No. 15). wlio founrl that the resistance is due 
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to’the formation and maintenance of a train of waves at the surface of 
separation of flie fluids, as slt^iwn in h’ig. 25. 

More ft’ceni exjieriinents' tend to show that the foregoing cqpclusions 
as to the effect of curvature of the path in affecting the manner of 
motion are not justified, and that, as shown at ihe iinj^act of a steady 
jet on a plane surface, at the efflux of a jet from a sharp-edged orifice, 
and in motion in a free vortex, curved motion with the velocity greatest 
at the inside, not at the outside of the curve, tends to steady motioti. 
(Tonerally spiaiking, wherever the velocity of flow is inci’easing and the 
pressure diniiiiisliing, as in the case v/hore lines of (low are converging, 
there is an overwhelming tendency to steady motion. In a tube with 
eonvei’ging boundaries, it is this which loads to steadiness* of flow, 
and it is because this effect is sufficiently jJronounced to overcome the 


tendency to sinuous motion which all solid boundaries, of whatever form 
produce, that the motion in such 


tubes is steady for very high 
velocities of flow. 

Aar. 17 .—Ckitical VnnocrTT. 

The bxperiments by which 
Professor Reynolds demonstrated 
the naliure*of the two modes of 
motion of water; were carried out 
on glass tubes of various diameters 



Fic. 26. 


up to S inehfls, and about 4 feet 

6 inches long. These wore fitted with bell-mouth entrances, and were 


immersed horizontally in a tank of cleiflr water having glass sides 
(Pig. ^6). In carrying out the experiment the water in the tank is 


allowed to come absolutely to rest, and‘the valve^A i% then slightly 


> By the Author, “Memoirii) Manchester Lit. and Phii. Sue.,” Vul. D5,191^^0.13. 

‘ B 0 • 
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opened, allowing water to flpw slowly through the tube. A- little water, 
coloured with aniline dye, is introduced into the mouthpiece through a 
fine tube supplied from the vessel B. ( '' 

At first this (floured water is drawn out intoj a single stream tube, 



I u, 
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extending through the whole length of the tube, as shown in Pig. 26, the 
whole appearing 1 1 he motionless unless a slight motion of oscillation is 
given to the water in the supply tank, when the stream line sways gmitly 
from side to side, hut without in the least losing its definition. As the 
valve A is further opened the velocity through the tube increases, and the 
stream tube is drawn out more and more, still retaining its demiition 

until at a certain velocity eddies 
begin to bo formed intermit¬ 
tently near the end of the tube 
more remote from the mouth¬ 
piece (Fig. 27 a). 

The formation of these eddies 
is very clearly denoted and is 
accompanied by the almost in¬ 
stantaneous diffusion of the 
colour band. As the velocity is 
still further increased the point 
of initiation of eddy motion 
advances towards the mouth- 
Fio. 28. piece, this point being fixed for 

any one velocity. ‘Finally the 
motion throughout becomes unsteady (Fig. 27 1). ‘ 

Any initial disturbance of the water tends to reduce the velocity at 
which the motion changes from steady to sinuous, and which is turned 
the Critical Velocity. < , 

■ Having determiiled the nature of the two manners of motion possible' 
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in a j^arallel jipe, and the existence of a “ critical velocity,” below which 
the motion is steady, and above which it ii unsteady, Eeyndlds determined 
the law of Iesi|tance in the two cases and the points at which the change 
takes place, by ineasur^jg the loss of head accompanying different velocities,, 
of flow. On plotting a curve showing velocities and losses of head 
, (Fig. 28) it was found that up to a dirtaiu velocity, for ijny given tube, these 
poi»4s lie on a straight line passing through The origin of co-ordinates. 
Above this velocn^, the points lie more or less gn a smooth curve, 
indicating that the loss of head is psssibly jiroportional to v". 

To test this, and if so to determine the value of ii, the logarithms of 
"tile loss o4 hgad and of 
the velocity were plotted • 

(Fig. 20), siiKe if 
It — k 

log h = log k -4- n lo^ V 
which is the equation to 
a straight line, inclined 
at an angle 0 to the axis 
of log (■ (where tan d='H.), ^ 

and cutting oil' an inter- ' 

cept = log k on the axis 
of log Ii. 

It was then found that 
with velocities increasing 
between each pair of cx- 
pcriinents, the plotted 
points lie on a straight 
line up to a certain point 
A, the value of for this 
line beijig 45'’. Up to this point n is unity and h i« proportional to v. 
At*.4, •which marks the higher critical velocity, or the point at which 
motion, initially steady, becomes sinuous, the law suddenly changes and 
h increases very rapidly. The relation between h and r, however, follows 
no definite laiV, until the point B is reached, where the velocity is,ab®ut 
1‘3 times tlia,^ at A. Above this point a perfectly definite law holds, the 
plotted points fromrf? to C and onwards lying5)i*a straight line. 

The angle of inclination 0 of this lin^ varies wifti the material and 
surfage of the pipe, but is constant for any one pipe. 

With a lead pipe, tan 0^= 1'722, so that here the law of resistance > 
above the critical point is h <x v' 


c 
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When the velocities are decreased between each pair of experiments, it 
Is found that 'the plotted poipts follow the straight line^C B Dio its 
intersection I) with /) O, ijidicalitig that eddies once initiate#"do not die 
out until the velocity is reduced to that corresponding to 1), The velocity 
»t D, which is less than that at A, js tomed tlfe lower or true critical 
velocity. 

For velocities he"iiweent D and A the motion, if steady, is unsjijhle, ^ 
and any initial disturbance will produce e(|dy mot^h which will not 
die out. , 

A consylcration of the part of the log /i, log r, curve between A and B, 
shows th.it here the viilue of u is greater tlian before A or after B, and 
that with motion of this intcnnittently unsteady or unstable type the 
increaseff resistance accompanying an increase in velocity isj, greater than 
even when the motion is altogether sinuous. Tliis would appear to he 
due to the fact that jvitliin this range of velocities eddies are being 
initiated in the tube, and the loss of head in the tube is due, not only to 
the actual resistance to motion, but also to the absor|ition of energy in 
eddy formation. After B is i>assed the eddies till the whole length o^ 
tube, and the loss of head is then simply due to resistance to motion 
through the tube, i.e., to the maintenance, as opposed to the initiation, 
of eddy motion.’ 

As a result of his experiments, Reynolds concluded that the critical 
velocity is inversdy proportional to the diameter d of the pipe, and is 
given by the formula ^ 

1 P 

where b is a numerical constant. 

^ „ P X 1 ”'><1 therefore depends on the temperature of the 

tvater. 

If f = temperati/te in degrees centigrade, then for water the value of 
P is given by 

~ 1 + -OitaCS t + ■■ooo2^t^’ 

*Ttf{‘iisr8. H. T. Jlariips fuid K, G (!okcr, ■* J’roc. Hoy. Soc.,” vol. 74, fielcnninwl Gie 
critical velocity by alitm-inif \vaU;r to How tinoujjfh tlie pv<“n IuIki, wlijclwwas jacketed 
with water at a Iiifriicr teiiipi’n^tiiii'’. A delicate tlicrinometcT iudicalcd tlib teiiijRTftture of 
the disclmrge w'utcr at e.vii. So long as the uiolioii jb steady, the transmission of licat thnougli 
the water takes place f’lihrcly by cond^iction an<l is extreniely shiw, so that the thermonaeter 
jives a steady reading [naetically iiieiilieal with that in (lie supply tank. Immediately the 
sritjcal velocity is atlaiiud, however, the temperature of diBflmrge inerea5es rapidly ifiM tlie 
phange from stcadv to mistcaity inoti>m is innnifestcd by ii sudden innip of tlie mereury 
Lliieail ol (lie thorniomotetb 



CEITICAL velocity 66 

*• • 


Thus when t = 32“ F. = 0° C. 

. P = 

1. 

•„ * t= 62“F. = ]6J“C. 

. : . J“ = 

•616. 

„ •• „ |t = 100“ F. = 87|“ 0. 

... . i> = 

•385. 

„• „ t = 212" F. = 100“ C. 

. p = 

•1523. 

If the unit of length is 1 mStr^ . 

. h = 

43-79. 

„ „ „ „ 1 foot* ■ . 

. h = 

4-06. 

TUjs gives the higher C. V. at which 

steady becomes eddy motion. 


^Exactly the sanilyformul% but with a different numerical coefficient, 
was found to hold for the lower (U’ue) C. V. at which eddy becomes 
steady molioti.^ • 

• • Here ^ the unit of length is J metre . . . . 6 = 278. 

„ ,, „ „ * 1 fool .... 6 = 25'8. 

E.p., \»ith a-ater at 10‘' -50“ E.-- 

Motion is steady if c d < ’02!) 

„ uu.slable if r d ^ *^*'‘^'* 

< -182 

„ turbulent if c d > ■ 182 
the unit of length being 1 foot. 

More recent e-xperimeuts.^ carried out on glass tubes by the colour band 
method, show that by taking the greatesi care to eliminate all disturbance at 
entry to tho tube, values of the higher critical velocity considerably greater 
than (up to d’Oli times as great as) those given by the above formula may 
be obtained. The probability is, in fact, that there is no definite higher 
critical velocity, but that this velocity always increases with decreasing 
disturbances. It is very doublfid, moreover, whether the Koynolds law is 
strictly true for diameters much in excess of those (up to about 2 inches) 
covered by his experiments. 


Akt. 18 . -CiiiTieAr, Vklocity in a Converoijio Tuub. 

The ifumerieal constant* involved in the case of the stability of motion 
in flow thrwigh a parallel tube have been accurately determined, but not 
in the *case of a converging or a diverging tube. At sufficiently low 
velocities we know that the motion is strady in any case, but in con¬ 
verging or 3ij«rging tubes tho angle of inclination of the sides has a 
great influence on th» velocity at which stable LeJomes unstable motion. 

^ Phil. Trans. Roy. Soo.,” 1883. Also “ Scientlllc Papers,” Osborne Re^^polds, vol. 2, pp. 

103.* This coefficient was obtaincfl from experiinfmfs in which the resistance to flow a*, 
difforenl velocities was njcasui'e<l. • 

* likiaan, ” Arkiv. filr MaUwatic, Ast och Fys,” 1910. Hand 0, Wi. 12. 
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The exact effect of altering’ this inclination is still nnknoiyn, except that 
increasing the’angle of divergence rapidly diminishes the stability “while 
in converging tubes stability of motion rapidly increasef with the angle 
of convergence. At all ordinary velocities in factj the motion in tubes or 
nozzles having more than a few degrees of convergence may be considered' 
as being steady, lixperiments by the author' on pipes having sides con-, 
verging uniformly at an ilngle ^gave the following results. The csitical 
velocities were obhiined in the usual way,cby plotffng the logarithmic 
homolognes of loss of head and of velocity at the contracted section, 
noting the j)oint at which the index of v duddenly changes. As the 
motion at the entrance to the larger pipe was in every /iasf unsteady, 
owing to the bends and irregularities in 'the BUp[)ly ])ipe, these values 
mark tun lower critical velocity at Hliich eddy motion‘'settfes down 
into non-.sinuous or stream-line motion. 


Valiio'i 111 fl. j 

1 

1 

w- 

, JO'-. 


C. V. feet per .«oc(hk 1 - 
At larjjc section (li-inoh (luiiii.) . . . 

1 

1 

Jo ' 

1-94 

1 

1 

2-44 1 

3-2.0 

„ tbrosit (li-irielMUjuii.) 

fMl 

7-76 

9-77 

12*9 

„ poiut wheic dunti. is 25 inclu's . : 

1 2-7 

;t-45 

'1'34 

5-73 


The temperature of the water in these experiments was 57^° P. 
The lower critical velocity in^' parallel pipe of the same mean diameter 
(2.}; inches’) at this temperature is 0T83 feet per second, while in a 3-inch 
and a l|-iiich pipe it is respectively OlO and 0‘20 feet j)er second, the 
higher critical velocities being respectively 0‘8(i, 0'65, and 1'29 feet per 
second. Should the ratio of higher to lower critical velocities have the same 
value in a conical pi})e as in a parallel pipe, this would mean that in the 
case of a IJ-inch jot discharged from a converging nozzle with steady 
flow in the supply pipe, the critical velocity would have the following 
values— 



5«. 

W. 

• 10 °. 

VP. i 

C. V. (higlier). fc^t per second f. 

1 . 111-0 

1 

1 r)n-4 

1 t 

o.A-o 

..83-8 


< 

and this would explain the gla.ssy appearance of tlic high velocHy jet, 
leaving the nozzle of a Pelton, wheel. Further experiments are, howeveri' 


■ “Vrocwdings, Jtoy. See. 11..” vci 8.1, miO, ji. 370. 
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needed to settle this point and also to determine how, with the same 
mines Rf 6 but with different inlet and outlet diameters, the critical velocity 
iepends on Slie letter factor. 


ART. 19.—JMOWTN OP A I'LUID. 

• 

Th«r motion of anv particle of fluid acted upon by external forces and 
l)y*ts own weight i\.y be CMi.sidored from two points of view. In the 
first, by equating the work done on thb mass to the increase of energy in 
the potential, pressure, anS kinetic form, together with the* loss by 
dissipation, «s ,by internal friction, which converts mechanical energy 
into heat, we get an expressimi for the velocity in terms of the applied 
forces. With*steady motion of a non-viscous fluid this method is'always 
applicable. 

Where a mass of fluid has unsteady—sinuous-*motion, however, the 
uppoBsibility of determining the kinetic energy possessed by its eddies in 
virtue of their rotation renders the apjilication of the onei'gy equation 
impossible, and it becomes necessary to consider the motion from the 
point of view of the jiroduction of momentum, since the momentum 
of the fluid forming a vortex is unaltei’ed by its motion of rotation. 

With unsteady motion,iinoreover, of a viscou.s fluid, the magnitude and 
direction of ibe forces— including those due to viscosity—acting at any 
particular point become indeterminate, so that the molecular motion at 
the point is then indeterminate, and the general equations of motion 
become in general imjiossible of application. Even in the ease of the 
steady motion of a viscous fluid, those, when stated in terms of the 
viscosity, become so unwieldy that, except in one or two particular cases, 
«.(/., those of steady flow between parallel plates o{ through a circular 
pipe, they are unfitted for application to the solution of any practical 
problem,, although where so applicable the solution Hbecomes perfectly 
accurateS • 

A simplification of these equations may be obtained by neglecting the 
effect of viscosity—t.c., assuming the liquid to bo a perfect fluid—and it 
iijiu this form that they are usually stated. Evidently the solution "of 
any suyh equation can only be made to ai)ply to the results of any given 
problem by the intrSduction of some constairt bbtained by experiment 
which itself has the effect of modifying the solution so as to take into 
account the effect of viscosity, and it is to this extent that hydraulics is to 
be considered an experimenijil science. If it were pos.siblo in every ease 
to apply the equations of motion in full, the science Would bee(^me exact. 
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The equations in luii are aeaueea in tne loiiowing pages, ana tne terms 
involving viscosity are afterwards eliminated, so as to §ive the form as 
usually stated for a non-viscous incompressible fluid, j, «' 

Afterwards, in considering the motion of fluids, it will he assumed 
that with uniform steady motiop <tho distAbulioii of pressure is 
unaffected, so that the pressure att.-.ny point is the equivalent of the 
hydrostatic pressftre dtte to its depth. This appears from the gpneral 
equations of motion. Also the further assumptiotj/fs made, that if^the 
moving particles have the accelorption which they would have if acted 
upon by their external forces alone—».c., if indopendent of the surround¬ 
ing particles—the pressure throughout is uniform. Thus, in a jet faKilig 
freely thsough the atmosphere under the^action of gravity, the ])iessure 
througjiout is sensibly uniform and equal to that of the atmosphere. 

The principles on which the following demonstrations are based may 
be briefly indicated, Sjud are as follow;— 

The Principle of Linear Momentum.- The rate of change of the com¬ 
ponent of the linear momentum of any system in any direction is equal 
to the parallel component of the applied forces. , 

The Principle of Angular Momentum.—The rate of change of the 
component of angular momentum of a system about any axis is equal 
to the moment of the applied forces about that axis. 

The Pyinciple of the Conservation of Energy.—The sum of the kinetic and 
potential energies of any system is coiislaiit, except for the effect of such 
dissipative forces as frictio# which convert mechanical energy into 
heat. 


Art. 20.— Equations ok Motion for a Viscous rnuin. 

Taking a fixed point 0 in the fluid as the origin of co-ordinates, let OX, 
OY, OZ be three to-ordinale axes, and let «, r, w be the comp.onentB of 
the velocity of a particle parallel to these three,axes. n, v, and m, will bo 
supposed finite and continuous, and, since they vary with tli« position of 
the particle and the time, are functions of x, y, z, and t. 

sThe velocity of a particle may be considered from tw(J points of view., 
Considering any fixed point, the velocity of successive particles as they 
pass that point may vasy.'and since i, y, z are now ifonstant, tho rates of 
variation parallel'to the three axes are represented by the partial 

differentials jf-, etc. P'or steady motion these are separately zero.'^ 

If, however,“wo cqnsider the variation of velocity of any one particle aB > 
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it moves from point to point of its path, since this now also includes the 

variation of with t, its components will now be represented by 

etc., and ave tho^coraponouts of the true acceleration of the particle. 
These are not uece.ssarilj^sero for ateady motion. 

If then a particle moves from %? point (.r, y, z) to a second point 
(jf+6a;;j/ + Sy; 2 + 6 c) in time 8 f, its change, of veibcity 6 tt is given 

i>y ^ * k 

* ™ S I * " !■ 1 '' ^ . 

0 * + ^ H* -TX • ^ * "I" - / • ^ ^ 




and in the limit 

*dl 

^ d i 

« 

But from the definitions of «, r, ir, we have 
d x d // 


6 a d X ? V d y 6 ». rf 6 ii. 
t' X ' d I ‘ y ' d t ' ' d I ' 0 < 


a — 


d I 




d t 


■ii 

d t 


d. u 6 H ^ II- , <1 II , fi u 

+ I' . + «' . + .— 

' ' (' 1 / (I ' ' <1 / 


similarly 

and 


6 t 


d t <’ X 

d v <■ r ? r 6 r 
il t e X (' y z ’’ t 
d ir 6 ic V ir i) ir ir 
d t (' .(• 11/ Il z I' I 


tl) 

( 2 ) 

( 8 ) 

(4) 


Next consider an element iry parallelepiped in the fluid bounded by 


edges b x,i y, b z (Fig. SO). For 
continuity of motion the dill'erence 
between the amounts of fluid which 
flow into and out of its faces during 
time 6 t must be equal to the in- 
^crease in the mass which they 
enclose. Expressing this analyti¬ 
cally, ^ we, get the equation of 
continuity. ^ 

Now the mass of fluid entering 
across the face (KB in time S t = 
pn&y . b z . &>t. 

And the mass of f^uid leaving 
across the face C J> in time Bt = piiB 

Gain across these faces zf — . 



• « 

y .Sz.B f,+ ^^-{ph)'Bx .By.Sz.Bt. 

K 

(p ii) 8 c . B y , B z'. B t. 

I IT ' •' 
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Total gain 

= - j 3 ^- (p n) f {p v) + A {p «•) I & ^.6 i^.6z.St. 
But the mass contained at time t = pBx .B i/ .h z. 


and 


” ^ ^ + 3 r ^ 0 

' S X , S //. 8 s. 

Gain in time 8 ^ (. 8 .«/ 8 « . 8 

/I f 


« t 

'Equating these expressions for the gain^wu have 

dp 


' r I «(p «) , 
dt^ 


(p '■} , p (p ir) 
Ox ' ^ ff . 0 z 


0 ., 


(5 


froKcwhich, if p is constant, i.c., if the fluid is incompressible, we have 

d U I d V , n w 

eT'*‘r,/+sv = ‘^ (6: 

as the equation of continuity for an incompressible fluid. 

In the case of a gas p is not constant, but we may have ?■ - = constant, 
in which case we have regular motion in the gas. ‘ 

Now if the stresses in a viscous fluid (which follows the same stress strain 
law as an elastic solid) be represented by the notation p„j,, p^, p^., etc., 
where .each of these symbols denotes a stress on the plane perpendicular to 
the axis of co-ordinates represented by the first suffix, in the direction of 
the second suffix, so that, example, rhe stress p^y is a stress on the 
plane perpendicular to 0 A', in the direction O Y, and is therefore a 
tangential stress on this plane, the relations holding between the various 
stresses for equilibrium are given by the following equations.* 


2 ft H . 0 r I ? tr\ 


+ ‘2m' 


■f 2 M 

" // 


^ 2 fd « , 3 »■ . 0 ir\ 

Pw--p-3/*(a_,^ + 3- + 3j) 

2 ft V , ? V , p ir\ , , 0 ir 

/o V , r u\ 

r.«-}>vz-P (^5^ + g-yj 


( 7 ) 


=J>.„ ■ 


-P: 


/0 w , 0 r\ 

/ 0 II , 0 rt-\ 

M0 .+ 0J 


< 8 ) 


, ' Stokes on “.pheoriee of the intcnial friction of fluids in motion and of the equilibrium and 
motion of elastic Soliiis”; also fjtmb’s “Motion of Fluids," p. 219, or “Hydrodjrnamlt»r*l,3 
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where pt= — and /x = Coefficient of Viscosity. 

But, considSlrin^ the elementary volume B x . ^ y . S z, we see that the 
total force a'cting on this |olume, due to any variation of stress on opposite 
faces of the volume in the directioif X, is 

. j!/" + Uijli + B.r.By.B , 

.. I «a; y <■ : i ' • 

S(i that if an exte|^ial forcg, having a component X per unit mass in 
this direction, also act on the element, #ve have 

Total force on elemeutf _ FA^ ?'rr iliv i i 

Lv 3 ,i- Sy cl j ^ J 


in direction O A' ) 


Bf.By.B-. 


This equali?TO!u»sX acceleration) _ 
of element in direction O A' j 


l< . 8 .(■. B y . B z X 


d n 
d f 


V « <> y ? z / d t 

Similarly, considering the accelerations in directions 
0 )' and 0 X, wo got 


/' 1 




+ 


'Izt 4- h’3L 


\ dv 

j='’dl 


\ '' .r II y <1 z J il , 


(9) 


1831% p. 508. In thi.s discossioii, y/jj-, etc., are reckoned positives when tensions, while p, as is 
common in h^tlrodynaiiiical problems, is reckoned positive when a compression. This 
acconms for the negative sign before p in (7). 

* 'fins may be proved as follows. The difference of normal sircas on the faces 0 B and 

CD .'(Oa) = S .r. 

0 ./• 

Difference of normal force on these faces = 5 j*. 

d V 

S!/.Sz. 

Also the ditriTencc of tangential str(*ss in tlie direction 
0 X, on the faces 0 f7and J{ 1> = 5 «, while the 

resultant fArce due to these tangential stresses in this direc- 

tion = ®^.!ir.5,y5*. 

^ V • 

Similarljr the taift'cntial sti'esscs on the faces 0 1) and 
B C \xi the direction 0 A'<^ivc rise to a resultant force 

V%» . 

“ 0 “ “. 5 iP . 5 y . 5 r. 

Th^e include all the forces due to variation of stress across the element, which have a, 
component in the direction 0 A'. StAnming these, we get the resultant force in the direction' 
of inureasine w. Similarly for the forces in the directions 0 ^and OY. 
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Differentiating the equations (7) and (8), so as to obtain the values of 
■jj, etc., m the case of a viscous fluid, and insertiiyr tiTe values thus 
obtained in equations (9), the first of these becf|ne8 



d ir\ 

02 

+ 2 a -J! 


'■J , 3 <.i-V.r 

d z ) 

1 " /* - .> 

(' U'^ 

(/ It 

X / 

\« ir " X . d !j) (r. 

d'^ ir 
.<•. v;; 

■ d:f) 1 

= ''d-Y 

Prom the equation of continuity we 

have 

T ' _ ! 


^ X d y 

d ir ' 
dz~ 

:0 


Atso?:+^'-+ 

' X 

3 V _j_ 3 «A 

# 

0.. 

So that the equatiejis become 




' '/ // 0 p 

^ d t 0 X 

+ M (v'* w) 



V \r ^ V , „ 

■ ''dt ^ + r) ■ (JO) 

(I ir ,, <5 11 i * 

''di + «’) j 

where V® denotes the operator --^ 4 - ^ 

The terms involving a in these equations are complex, and for purposes 
of practical application to l^'draulic problems are usually neglected. If 
this is done, the equations of motion for a non-viseous, incompressible 
fluid become 


d tt 




d p 
d X 

dv dp 

I' ,rt — p ^ ~ 

a t c ji 


d w 
'd t 


= PZ- 


(11)' 


or, writing 


(I u 
d t 


in terms of etc., from equation (2), and'dividing ' 


throughout by p 


X- 


• .1 ... .1 ' , 


Y- 


1 3; 


ji V V 
p dy ' d X 


y cz* V t 

a r a 1) a !• 


1 dp 

p d z d X 

the.Eule'mn equations of motion. 


7 * 1' _ I « c le , 3 w 

d y' di~d t 


(12) 
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Here^ the axes of co-ordinates have been taken to coincide with the 
principal axes ol^tress. If, however, these are transferred, exactly similar 
equations ar'objiined. • 

In the case where gravity is the only external force acting on the fluid, 
X = 0 , y = 0 , and Z = — f), g acEing in the opposite direction to that of 
^increasing. * ^ 

So fer, the equations are applicable to moticfli of any kind, whether 
steady or unsteady, b\ in thei* ^ 

present form are not obviously 
useful for the solution of au^ 
practical protle]ji. So long as 
the motion is sinuous and , 
irregular flbtlmig further can 
be done with them. 


Akt. 21. — Appmcation to 
Stream Line Motion. 

If, however, the fluid be 
moving with definite stream 
tine motion, these equations 
can be considerably simplified. 

Suppose a particle moving with 
stream line motion from O, in 
the direction OS (Fig. ;i]), with 
velocity F„ the space being 
S s. The direction cosines of 

this motion in the directions OX, OY, OZ, are 



d X J 11 d z 
d n ' d s ‘ d s' 


Also 


d X . 
d s 


= I 


dy _ V 


d s 
d z . 
d s 


w 


Again, georaetricallf we get 

I? = -j- -f q’’ (18) 

And . V, = lu + m r + n w. (14) 

For stream line motion, apd with only gravity acting, the general , 
equations (12) may then be written 
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_13p_0M / ?)„ Su , 3,i\ , 
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Multiplyins ttipsn oquatiniis respoctivoly by t, m, and n, and adding 
gives *” 


P , 3p 

-- + H(. y 

X dy 

+ “H) = 

, 0 n 
0 t 

+ m 

0 V , 

O't + " 



' d -S' d s 



get 

sn 

0 t ~ 

j3v 

0#^ II i 

+ « 

0 w 

aT’ 


get 

d 1? _ 
d X ~ 


d r 

'’'<n 

+ w 

d mA 

d J’ 


3p 

* 3 X 

+ '”rf+« 

0 

. d ?> 

</ x' 



1 d p 

■" !l - r^ - 

p d X 


-iiX' + l i 

' 3 dx 


or, smco ii = 


• dx ,, d X 3t '^2dx^ 

d /;! I r , \- 3v 

dTx\y + i+!>A = -rp 


'< p , > , y 3v 

dTx\p + i+!’^) = -n.- 

If Tr_ weight of unit ,volume of the fluid, W = p g, so that the 
equation niaj' be written * 


, ds\ir ^ 2g — g-^ t • 
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Integ*iting thfc we get + ^^+z=—^j J ^ y ■ * (19) 

In steady'strmni line motion, the velocity nt*any fixed point remains 

? r * 

constant, so that r-y = 0, and the |quation then becomes 

,j. + ,^ + ^ = constant. (20) 

JThis equation lions'throighout any particular stream line, but the 
constant varies from one stream line to another. When all stream lines 
start under tlie same condStions, as in the case of a flow froui a small 
orilice in tha b§se of a vessel, the constant is the same throughout. 

Art. 22. 

J3y an algebraic transformation, wo may obtain from the general 
equations of motion an equation giving the rate *of increase of kinetic 
energy, which becomes equal to the sum of two terms.^ The first is the 
rate of increase of kinetic energy due to work done by the stresses, and 
the second has been called the rate of increase of kinetic energy in the 
form of heat. It follows that the m, v, w, which have been defined as the 
component velocities at the point 0, muse strictly also take into account, 
and include these heat motions. From this point of view we may say 
that if the heat motion dissipated by radiation and conduction is equal 
to the relative molecular motion, the motion as a whole is steady. If, 
however, the relative molecular motion is greater than that dissipated in 
this way, we have eddies formed. 

Art. 21!.—Flow against Viscous Resistance. 

The resistance to steady motion of a fluid throuj^i a pipe or channel 
is simply due to the viscosity of the fluid, and not to ^ny actual slip at 
the boundary of solid and fluid if the adhesive force at the boundaries is 
sufiicieutly great to overcome the shear in the fluid at these pointsi, That 
this is true, at all events in the case of water at pressures slightly above 
atmospheric, may be shown by immersing a glass tube horizontally jn 
water and introducing a drop of aniline dye to the bottom of the tube. 
If now Water be allot^d to flow through the tuke„the coloured matter in 
contact with the side will not be removed so long as the motion remains 
steady. Directly the motion becomes unsteady, however, rqpid diffusion 
takes ^ace and the colouring matter at once disappears. It follows from 

‘ Phil. Train. Roy. Soc., A,, Vol. 186,18M, p. 123. Reynolds Sd. Papers, ll.sp. 638. 

H.A.* 
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this that with steady motion the resistance is independenj* of the jature 
of the solid surface. With Unsteady motion on the other^and, there 
would appear to be an -actual interchange, by the biiahmg^ down of 
adhesion, of molecules in intimate contact with t^ie boundaries (Arts. 17 
and 67), and since any such interchange will be greater as the rough¬ 
ness of the surface, increases, and will vary with the material of the pipe,» 
it might be inferred that resistance to unsteady motion will depend 
on the state and material of the surface, and vill incj-iase as its roughness 
increases. 


Art. 24.— Stkady Plow between Horizontal Paraljee Plates. 

Take OX, OY, OZ, co-ordinate axes in the fluid (Fig. 82), Let the 
direction of motion be parallel to the axis of x, and the plates perpen¬ 
dicular to that of y. Sup¬ 
pose the boundaries in the 
direction of OZ to be in- ■ 
finitely distant, so as not to 
affect tho motion, and neg¬ 
lect the effect of gravity. 
Let 2 /( = distance between 
plates, and let OX bisect 
this distance. 

Let u, r, and w denote 
velocities of flow in direc¬ 
tions OX, OY, OZ. Then v = 0,\\ if p is tho intensity of normal 

pressure on any plane perpendicular to OX we have = 0. The 

variations of velocity and pressure in the direction OZ may be neglected, 
since the boundaries in this direction and therefore the points at which 
the pressure may be zero, are at an infinite distance. 



It follows that 


dp 
d z 


0, so that on any plane perpendiculr.r to OX the 


intensity of normal pressure is uniform. 

The tractive—or shear—force on any plane perpendicular to ()P,and of 


d u 


area A is h . .4, where g : 
dy 


: coeflicient of viscosi'y (Art. 4), 

The difference of tractive force on the two faces of a stratum of t)iiok- 
neiis 8 y, and of area A (Fig. 32 b), is thus given by 
d { d n ) . Vp n . . 
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i.e., bjji the rat^ of change of this force with respect to y, multiplied by the 
change in • 

But if 6 is thS width of tbo stratum, and ? x its length, the area of each 
end = bh y, while ite Irea A =J) 8 x. 

Also, since for equilibrium the (^^erence of traction oai the two faces ol 
the stratum is equal to the dillerenee of uoniial j)ressu»es on the two ends, 

if n 

, ' d'f 

, (I ]> _?' 


h S y . - ^ Ah y = ii - ,bhxSy 


d X 

lutegrating^hfe expression, we get 


= P- 


d iy2 ' 


n =''6U+. li ,, + . 


1 


d p 


, where 0 and li are constantsT 


Since the motion is symmetrical about the axis of,a;, i.e., is the same for 
equal positive and negative values of y, the term involving the first power 
of y must vanish, since this would change sign with y, so that B = o. 

Again for unifonnity of How ^ is constant, while, assuming no slip ai 

the boundaries, we have u — o for y — + b. 

Determining the constant C, so that these boundary conditions are 
satisfied, we got 

n=-— hfi- V- 1 

‘,i p i I tZ a; 

i.e., the pressure diminishes as x increases. Evidently, too, from the form 
of the equation the curve of velocities is a parabola. 

The flux over unit width of the plates is given by 

, 2Zt'> dj^ 

n a 7j - -. --X 

^ fJt (t X 

Ifethe»measurementK are taben in pounds, feet, and seconds, the volume 
per second in cubic foot, Q, is given hv 

Q dp 

3 g ' d X 

* This may be dcduccd^ircctly from the general equaAois of motion, p. 62, for since 
<■/ w 

» »» u> “ «; ^ S5! 0 : equations (10) reduce to 




M (v* tt). 


// d ff d n d u ... d u 
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\lpi — Pi = fall of pressure between two points at a distance I apart 
this becomes « 

^ Vi.- I ■ f, 

4 

The maximum velocity occurs at ‘ihe axis, where y = 0, and equals 

JL. /(S. 'll. ' 

2 ^ (/, X *> 

.t>0 

2 k 

r . Maximum velncit'J _ 3 

Mean velocity 2’ 

The shear stress on the boundaries is giren by 


, t,-, II ux over a sectjon 

The moan velocity =-, — 

•' area ')t section 


d II, d p 

'^Ty = ydx = 


I, J>1 - f>2 

• ■■ 1 


1 ;,3 P 

'dp d X 


Art. 25.— Steady Flow throuoh a Circular Pipe. 

Suppose the pipe to be horizontal, and, neglecting the effect of gravity, 

assume the flow to be produced by a uniform difference of pressure head 

along its length. Let the axis of x be the axis of the tube, and let a bo 

its radius. Using the same'notation as in the preceding example, and 

assuming the velocity everywhere parallel to 0 X, we have v = n,ii) = o. 

■. dp n dp^ . . 

- .. = 0; -r^ = 0, as in the previous case. 

dy d z ’■ 

The tangential stress, or tractive force per unit area, on a plane per- 
pei^dicular to a radius = p 

' Hence for a cylinclrical shell concentric with the pipe, of length Sx and 
having inner and outer radii r and r +or, the difference of the tangential 

force on the inner and outer surfaces 


3 will be ^ 2 IT r . 8 * . g i~ )- 8 r, 
d'/ [ (t r )’ 


and this must be balanced by the difference of normal prefeure on the 
two ends of the shell. 

“’(ip 

Since= o, the pressure intensity p at any point o{ the section.is 
uniform. ^ '' 

.. jj^r.Sr,^.8a:=^-|2wr.8*.M^)8r 

— [ r I —"^P ’’ 
dr\ d r j ~ d X’ p 
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Integrating, we get 

”=! r; 0) 

Since tlie velocity at^he axis, where r = o, cannot l)e infinite and since 
log 0 = inf., .1 = 0 . • 

, Determining li, so that « = o ^vlum r = + o, i.(,'.,^£or no slij) at the 
boundaries, gives * 


ml (Ip 
4 n ■ (1«: 



^ So that the flux uhrough file pipe, which equals 

• a ir a* d 

/ w . 2 V r dr r= V- cubic feet per second. 
^ ^ a n d X 


( 2 ) 


Writing 


dp 

d .1- 


as?^- 


where pi and are the pressure intensities at 


a distance I apart, along the axis of the pipe, we have 

Q = -- cubic feet per second, 

o L 


The maximum velocity is obtained by putting r = o in equation (2) 


and equals' second. 

The mean velocity =- 9 —jv- = feet per second. (S) 

•’ area of section H p I ^ 

.•. Maximum velocity = 2 (mean velocity). 

On equating expressions (2) and (3) it is 
readily shown that the filament of mean velocity 
is found at a radius '707 a. 

Prom equation (2) we see that the curve of 
velocities across a diameter is a parabola, and 
that the surface of velocities for the pipe will be a paraboloid of revolu¬ 
tion (Pi*g. 33).‘ 

• 32 M f Jy . • 

If r? = moan velocity, we have pi — p-i = -— > Poiseuille’s form 



of the equation. (Arts. G3 and 64.) 

The ■shear sfress at the boundary is given by, ^ 
d It _ r dp _ a pi — pi 


( 4 ) 


> For a curve Bbowing the variaticftis in velocity for stream line flow tlyough a two-inch 
pipe, aee a paper by Moitow, “Troc. Roy. Boc.,” vol. 76,1905. 
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Art. 26.—Steady Plow through a Circular TubBj assuming 
Slip at the Boundaries. ^ 

• If we assume slip at the boundaries of a circular tube, some assump¬ 
tion must be made as to the magnitude .of the sliji before any determina¬ 
tion of the pressure fall along the tube can be made. Assuming, ai 
seems rational, that the velocity at the boundaries is proportional to th( 


tangential stress we have if u' =;, velocity at boundaries, tljer 

I /du\ , , fduX ^ la dp , 

(d ^ 2M-di 


Using this to determine ]i in equation (1), Art. 25, and pioceeding ai 
before, we finally get 


V = y ^ 11 + 1 -j-— cubic feet per second. 


Art. 27.— Genesis of Eddy Formation. 


The reason for the sudden change from steady to siniunis motion in i 
pipe at the critical I'eloeity is not clear. It has been suggested that thi 
change takes jilace when the shear stress, accompanying the varying rati 
of flow across the ])ipe, becomes greater than that which the liquid ii 
capable of withstanding. Th(^»this theory is untenable is clear if it bi 
remembered that in viscous flow through a pipe the maximum sheai 

occurs at the boundaries, and has the value ^ ^ (p. 69). For the theor;; 

ttpilold, this shear stress must have the same value in any pipe for tin 

initiation of eddy miotion, 


so that r -r-must be constant. 
d X 


, 8 M G 


(p. 69), and therefore the critica 


d X 

velocity should vary directly as the radius of the pipe. Tjjis result it 
directly opposed to the results of observations, experiments indicatin; 
that this velocity is inversely proportional to the radius.- 
The law governing the position of the critical point was-inferred bj 
Reynolds from a eonsi4erttion of the general equat^jons oi motion for f 
Viscous fluid. 

^Here the fiyst equation of (9), p. 61, is 

\ 0 U' 0 j S z / [ d X d y ' d z ‘ d i J 
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Also for continuity we have 

0 M 


_I I ^ 

0 a: ‘ 0 0 2 


0 

0 w 


. <> n , 0 V , V 

U r-f- )(, . + » r— = 0. 

0 a, • < ' ,v 0 2 

Adding this to the right-hand 8;<fe of the above equation, this becomes 
0 W , / 0 « ^ 1'\ , ( 0 II- , 0.20 \ 1* 0 II- 1 

rx + V’^y + “ 07/) + I71 + «0^) + r-,} 

0 (n «’) 0 ' 


3 ti 


_ 0 in 0 (ir r) 


I 0 a;. 


+ 


'2/ 




i «’) • 0 'I' 1 


, ^0 that the equation may be written 

P ^ -t- |-^ (P^*- P II ii) + ^ (Vvx - P II I') 


+ rT- — P II 'p) = P 


0 II, 

0 t’ 

the left-hand side of this equation expressing tHe force producing the 

^ XL • 

acceleration in the direction 0 X. Taking this to be the direction 

of mean flow in a tube, and neglecting the external force p X, and 

(pj^ — pu u), which simply marks the variation in the direction of flow, 

wo are left with two terms which represent the variations in directions at 

right-angles to this. Since these involve the shear on parallel layers of 

the fluid, it is probable that the conditions involving steady of sinuous 

motion depend in some definite manner on these terms, and since, in a 

parallel tube, terms in ?/ and z are similar and symmetrical if the effect 

of gravity to neglected, we may consider any one of these, and note how 

any variation in this may affect the conditions of flow. 

0 .' 
Considering the term — pv ii), substituting from equation (8), 

p. 60, this may bo written 

0 


f / d V , d V \ 

I.H0^-+0y)“'’^“r 


• • dp 

The firstsof these terms involves the coefficient of viscosity p, and is of 

ihe nature u =^f~, while the second is of the nature p.F®. 

space L • 

It was_ inferr^ then, that since the relative value of these terms probably 

determines the crittcal velocity, the latter wfll*depend on the relation 

P 

p vi; 

Tutting Tj where d* is the diamouc u. 
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devoted to; determining whether the critical velocity waa given Ipr 

These experiments conclpsively justified the inference /ndued, as pre¬ 
viously indicated (p. 54), to the formula 

_ 1 , P 
h-ul 


where P is proportional to p -r p and 5 is a numerical constant. 



CHAt>'»EE IV. 


SernoulU's Theorem —Klemenlary I'roof—Exiieriinental Varilioation—Applicattons—Con- 
^ verging Flow- Loss due to sudden change in Section of a Stream—Special Oases—> 
4iradual Enlargement .of Sccti<A-—Change of Pressure across stream Lines—Vortex 
Motion—Forced Vortex -Free Vortex -Cmupound Vort(;x. 


Art. 28. 


Bernoulli’s Theorem.—Tho ttieorora expressed in the equation^ + 


II 

2.</ 


+ ir = constant, is commonly known, from its discoverer, as Bernoulli’s 


theorem. 

It expresses the fact that the total enerf^y of the fluid per lb. in any 
stream tube is constant. The three terms denote (1) the pressure energy 

per (2) the kinetic energy per lb. ; (3) the potential energy 

per lb. z, where z is the height above some. datum to be fixed for any 
particular problem. The siguificauce of the second and third of these 
terms is obvious, hut some difficulty is often experienced in grasping the 
precise significance of the first, or pressure energy term. If p be the 
pressure intensity in pounds per square foot, and W the weiglit per cubic 


foot, the expression gives the height in feet of a column of water which 

fV 

would produce the statical pressure “p.” 

Now, if water is compressed in a cylinder fitted wilh a movable piston 
its pressure is enormously increased by an extremely small movement of 
the piston. Exactly the same thing would occur if some elastic solid, 
such* as indiarubber, were *compressed in the cylinder, and, just as with 
rubber, so ■^ith the water, the work done on the substance during com¬ 
pression would bf returned during a slow retrograde motion of the pi8to|^. 
-- Since, du^to an increase in pressure of p lbs. per square foot, the pro¬ 
portional decrease in the volume of water is giv^'u^by 
^ F _ p _ p 

T' - 31 X 144 X l(f~ 

Woric expended per cubic foot in compressing water to this pressure 
^ and this amount of work is stored inihe vliiterjin virtue 

io Jx A A. 
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of its elasticity, and would be given out daring expansion. If, in the 
jylinder in question, the piston were fixed, and the water aF.owed to^escape 
ihrough a small nozzle, the kinetic energy of the issuing jek would equal 
ihe above expression, while the pressure would, ivith the remo/al of the 
first few drops of water, fall to that pf the atmosphere. 

The amount of energy thus stored in the water per Ih. in virtue of its 

slasticity is ^ foot lbs., and if water weye a perfectly incompressible 

fluid, so that K == a>, would he zero. But' this is not what is meant in 
hydraulics by the pressure energy of water. i 

Suppose, however, the piston pressed home with a continuous preseare 
of p lbs. per square foot, while the water escapes from tho'cylinder. The 
work.Jone on the water ircr cubic foot is now p foot lb^.«^nd per lb. 

is foot-lbs. 

Ir 

The pressure of the water is exactly the same as before, but now, so 
hint/ ns the pislim is moriiiji, the water is capable of doing work* in 

virtue of this pressure, at the rate of foot lbs. per lb., and this is whdt 

is meant by the pressure energy. 

The idea of pressure energy only becomes applicable when we have a 
continuous supply of watoF under pressure, as is the case, for example, in 
the supply pipes of an hydraulic power company. Here a continuous 
supply of pressure water is pi’ffriped into the mains, with a velocity which 
is in general so low that the kinetic energy is negligible. The potential 
energy is also in general negligible," so that it is in virtue of the pressure 
tt^rgy alone that the water is capable of doing work. If, however, the 
pumps are stopped and the accumulators disconnected, the withdrawal of 
a very few cubic feefof water from the mains will reduce the pressure to 
that dorrespondinp to the statical head at any point, and the capacity for 
doing work to almost zero. , ^ 

Or consider an element of a stream tube of weight W,&i a depth h 
below the free surface, and at a height z above some datum. Its potential 
energy is IF z foot lbs., while, in virtue of its position, its pressure energy 
is IF h, its pressure “ p ” being IF It. ' • . 

Eemoved from its connection with the surrounding mass'of fluid, which 
guarantees the permanence of the pressure conditions for a finite period, 
the potential energy is unaltered, but its available pressure enwgy is 
ifow practically zero—-absolutely zero in the case of a perfectly Tnoonif; 
-preesible fluicl 
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Art. 29 . —Elementary Proof op Bernoulli's Theorem. 

Makftig the a^iiiption that the fluid is nop-viseoua^ and therefore exerts 
)nly normal iorcV on any bounding surface, the jiroof of this theorem is 
jasily deduced. Consid|r tlie element—length 8 »—of a stream tube in 
such a fluid, the only forces tenditig^to produce motion of this element 
leing its own weight and the normal pres¬ 
sures qJ the surrounding fluid (Fig. 34). 

Let its cross sectional iirea at the top be 
‘ n -1- 8 a,” and at the bottom “ o,” thp pres¬ 
sure intensities at the top aad bottom being 
I) *-»8 p and ^^spectively. Let the average 
lormal pressure on the sides cjf the element 
je q. AcUitJiy q will lie between p and 

p — 8 p. 

This normal pressure will have an un¬ 
balanced compos sent q . S a along the axis, 

Msd, since the fluid is non-viscous, the only 
affect of this pressure in producing motion 
in the direction of the axis will be due to 
this component. 

Let the direction of the axis issake an 
ingle 6 with the vertical. 

Then the magnitude of the resultant | 
of forces on top and bottom faces of I = • 
element, in the direction of its motion) 



(p — 8 p) 

= p 8 a — a 8 p. 


■ p a 


— a 8 ( 


Resultant of normal pressures on sides) 
of element in same direction J 

The only other force acting on the element is its weight, and the 
resolved part of this in the same direction 

= 1 W (a 8 s cos 0 I 
■ ahp ■ 


s 8 a ■ 


Resultant^ force in|_ ^ 
directiou'of motksnj “ 

= mass X acceleration 


q Sa W 


(•+*/>' 


. eosO 


If 


(“ + t) 


d s 


Putting q=p- 
order, we get 


_ _^ ^dv where v = velocity 

!l d* t of element. 

• Ic 8 p, and neglecting small quantities of the second 
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Sn 

13nt = g j find S s coa 0 =^— S :,s being raoaaured vefttically upwards 
and B z being the difforeiico of level of the two cuds of (he Element. 
Equation (1) becomes y S r = — IP 8 r — 8 

or I y V 8 «) + ir 8 « + 8 j) = 0. (2^ 


When 8 », 8 j), are indefinitely small we get^ in the limit, on integrating 
IP 

— . £, + IP'~ + P = constant 
. </ 2 ' ' . 




V 

2.'/ 


V 

-j- |j^ + « = constant. 


Y3) 


Aut. 30. 


Since v is the velocity along a stream lino, any attempt to apply the 
equation to the motio'ii of a mass of fluid by taking r as the mean velocity 
jof the mass will obviously load to error unless the square of this mean 
'ocil.y, multiplied by tbe mass itself, is equal to the sum of the squares 
virtuJ'e various stream tube velocities, each multiplied by the mass 
jg jjj.Jncd in its own stream tube; and this is only true when all the 
jioam lines are parallel and have the same velocity, and when, in con- 
UQ^quenco, no internal work is being performed against viscosity. 
tjjeWhilk this state of affairs is never accurately realised in the case of the 
gjjpjtion of water in pipes or o^ channels, yet the equation may bo made 
s '^‘’'Sos by the introduction of a term involving losses of 

e.., rgy due to viscous resistance. 

E.g., if the suffixes (1) and (2) refer to two successive positions of a 
ptrfticle of viscous fluid, we may say that 



Pi ri‘ 

IP'^' 2// 


+ ^2 + dht 


where Jh represfents this loss of energy between the positions (1) 
and (2). « • • 

Where we have turbulent motion between (1) and (2), this *quation may 
still be usefully applied, ilt-i now including the loss of energy in eddy 
fdrraation. Applying this to the case of flow through a pipe or channel' 
of varying area, it is usual to assume that the equation still holds when 
and ^2 are the meafi velocities of flow in the (Mrection of the axis at 
the two sections (1) and (2)*^ 

J la the casebf flow in a straight'|)ipe with tlie transverse curve of velocities in tUo^orm (A 
a semi-ellipse, the actual kinetic energy of flow parallel to the axis is about 2 per cent, greater 
than the value oomputM from the mean velocity, wlicn the latter has a value of 5 
per second. 
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• • 

Where the flow changes from steady to unsteady between (1) and (2) 
he teftn ilh 'til then include the kineliic energy due to motion in 
lirections pe’^pecMicular to the axis of the pipe., 

Aet. 31.—Experimental 'V^.niEioATioN of Bernoulli’s 

I’lIKOREM. 

The apparatus shown (Eig. 35) consists of a liorizontal passage having 
larallel vertical sides of ])la(,e glass, ilie first half forming a converging, 
ind the second half a div(?i-ging channel. Tho jiassago conngcts two 
'flBSrvoirs, A and B, and lu’essiire lul)es are erected at frequent intervals. 

C-.-3 



Water is fed into the tank A, which is of largo arej compared with the 
passage, and is led away hy the overflow C. By suitable regulation of the 
flow into A, and of the height of tho overflow C, th« velocity of flow 
through "the channel and 4he pressure at any point may be regulated as 
required. iHiiline dye may be introduced into the incoming stream of 
water hy means of the capillary tube T. 

At very low sp'eeds the motion throughout the passage is steady, aifd 
the curve joining the tops of the pressure columns is as shown in (a). 
At any point to the right of the throat the pressui® head will be less than 
that at the corresponding point to tho left, Ijecause of viscous resistance, 
so that, since the velocity head is the same at the two points, the total head 
is less on the right. , 

As the velocity is increased, the first indication of ^unsteady motion is 
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provided by an oeeasional eddying of such colour bands as get bjlow the 
horizontal through the lowest point of the throat. f 
The velocity at which this occurs depends on the angle of divergence 
of the sides of the passage. As the velocity ist increased this unsteady 
motion extends to the whole of the Water in the diverging portion of the 
passage, the motion in the converging part being uniformly steady. 
The pressure curve now appears as shown in [h), and is discontinaous at 
the throat. . i . 

On plotting the energy curve, ^|>-+ ~ *\- z=y, the curve shown in 



Pig. 86 is obtained, and shows -very clearly the magnitude of the 
various losses. 

'4)rawing smooth curves Iwtween the plotted points from A P and 
.from P to B, it will be noted that the observed point PI at P lies on 
neither of these curves. In the figure, III represents loss of head, due to 
viscous resistance' between A and P : JJa, the loss due to eddy formation 
at the throat; and Hg, the loss due to visdms resistance and to'eddy 
formation between P and B. Evidently from the position df E and the 
form of the curve P B, almost the whole energy of eddy formation is 
aWrbed at and within a very small distance of the throat, ^ With speeds 
below the critical velocity = 0 and Hi = Hg (approx.*!. 

With speeds exceeding the critical, Ha become! less or greaser.-than 
Hi, depending on the velocity, as, with fairly low velocities, the eddies 
formed at the throat die out to some extent before reaching i?> their 
lunetic energy being transformed into available pressure energy and th|4 
reducing H». At shitable velocities indeed //s may be negative, indiotktid^ 
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that t]jG energy rendered available by the dying out of eddy motion is 
more than ^u»to that absorbed in overcoming viscous resistance after 
the throat is pa^ed.^ • 

With high velocities^ however^the process of eddy formation goes on 
after the throat is passed, part of ^he available pressure energy being 
expended to this end, and II 3 is in consequence increased. At a suitable 
velocity, a balance is obtained between the energy absorbed from P to R 
in eddy formation and that made re-available by the dying out of eddies, 
and in this case ILj will equal IIi. * 

,tn every case, however, the head loss (//a + II3 ) is greater thai? Hi, and 
experiments^tow very clearly that, while it is possible to change pressure 
head to velocity head without Appreciable loss of energy, it is impossible 
to change velocity head to pressure head by the reverse operation without 
loss, except at velocities too low to be considered in practice. 

This is one important factor in the difference between the efficiencies 
of centrifugal pumps and turbines. 


Anx. 32.— Flow in Conveiioinu Channels. Rapial Plow. 

Where flow takes place in a converging channel, the motion is 1 
and, neglecting viscosity,^ the 
energy throughout any stream 
tube is constant, so that 

H —r + « = constant. 

W '2fi 

But for continuity of flow, if A = 
area of channel at some point 
where the velocity is v, 

A V = constant = Ao vo 

where Ao and Vo are the area and velocity at some poiflt distant Xo from 
the Join? of convergence oPthe boundaries (Pig. 37). 

Putting A = /c X we have v = an(j y ^ jg constant, i.e., if the 

•iC 

0 

stream lines.are horizontal, 

= a (1) 

* 8 inc« the Telocity across the section is unequal, the K. E. (2(»»r3)) Is ^cater than 
where 5 is the mean velocity. Thus^the equalisation of the velocities tends to increase the 
apparent, though not the actual, K. E. 

• For the viscous itssistance in a converging channel, sec “ Phil. Mag,,” July, 1909, p. 25. 
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ti let 

1 

«,;> 

II 

(2) 

Po _ „ V 

IF“ 2,7 

(8) 

_ Po i iV 

" ~ 2 °,) 1 ^ ~ feet of water. 

• 

(4) 


jr 


,- ^.xiuiiiiim iiiiviiig parallel 

upper (Jiid lower boundaries and to the fcase of (inward) radial flow 
towards a centre. The result gives the fall in pressure between 'tftro 
points radially distant a: and .ro front the .origin, and nia*y")e applied to 
flow'm an inward flow radial turbine. Since with outwar(LJiew between 
diverging boundaries the motion is unsteady, Bernoulli's equation ceases 
to hold, so that thg formula is inapplicable to the case of a radial 
(outward flow) turbine.* 

In the case of flow through 
A = kx^. 


circular converging pipe or nozzle, 

I 

and assuming g constant, 


. Vo 


we have 

« 

As before 


2 pa:* 


r ^'o' 


-Po _ (, 

W 


‘■^0 


2 p| A^f 


R follows that if a pipe of area A suffer a contraction of section to a, 
and if andp„ are the corresponding pressures and the velocity at 
entrance to the pip# 

. n-Pa_Vj j/A\^ 1 , , 

Tf"-2p{(aJ 

j ^ni PA-Pa) , 

This enables the velocity of flow and the discharge to Ijg dbtained from 
a measurement of the difference of pressffres in feet of water at 

"“hoot solid tonnaaries. 

Th» is shown when two equal and steady vertical jets impinge directly on each other 
k olwular disc o( water with radial outward flow antf havtag perfertlv steadv w 
mfltloa, as may be show!, by the Introduction of colour bandi I 
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the entrance and throat of the pipe. The Venturi meter (Art. 19C) 
. depends dire(^lj^n this principle for its action. 

'-An interesting phenomenon accompanying radial outward flow is 
Noticed "if a plate on wh?cli 
'A jet is impinging normally 
be brought gradually nearer 
to thohriflce, until a point 
is reached whore the escap¬ 
ing stream touches both 
platp and nozzle (Fig. B8). 

tiet ri, pi, Pipai, ho the 
radius, pressure, velocity, 
and area of "the issuing 
stream at the exit from the 
orifice and at the commence¬ 
ment of its flow between 
the plate and the nozzle. 

Let To, po, Vo, and oo represent similar quantitie.s at the point of escape 
of the stream into the atmosphere. 

• Then 

Ifl] = 2 IT Pi t, where f — thickness of the escaping stream. 

I Oo = 2 IT I’o t. 



ai I'l ri 
Vo = Vi-= — -^\ 

do fo 

[ 2)0 = atmospheric pressure. 

Neglecting frictional and eddy losses between (1) and (0), we have 


Pp , _ 2^ , i-'ip _ J'o I 'if 

T^'^2p“ iy'*'2(/"~'rK'''2p'V 


W ' 2g~ W ' 2(/"~ IK 

'■* SinSe rj is less than j'o, 2 'o*- 2 'i is positive, 
and the pressiiro at (1) is less than atmosjiheric. 

follows that since the pressure between (l) 
and (0) is everywhere less than atmospheric, 
while that on thcf corresponding portion of the 
outer face of the plat * is atmospheric, there 
will be a resultant force tending to force th^ 
plate up to the orifice. 

When the distance t become* very small, 
the pressure' over the area approximates to the static head and the 



I'm. 39. 
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plate is forced away from the orifice, so that an intersnittmt action is set 
up, the plate vibrating to and from the orifice, but never/oeipg driven far 
away. 

The ball-nozzle (Fig. 89), designed to give a ^thin evenly distributed 
discharge from a tire hydrant, acts'oii exactly the same principle. 

Here a cage is iidod to prevent the loss of the ball on the first impact 
of the jet. 


AbT. 83.—Loss DUE TO THE SuDDBN EnLAIIOEMENT OF CrOSS 
” Section of a Stream. 

’« 

Whenever the cross section of a pipe or channel increase^bruptly, the 
water, on passing the enlargement, is thrown into a statejjf unsteady 
motion, with a consequent loss of available 
energy. If the mean velocities Wore and 
after passing the enlargement are known, 
the equations of momentum may be applied 
to determine the magnitude of this loss. ^ 
For, consider the case of flow through 
.a horizontal pipe (Fig. 40), suffering a 
sudden change of area from a to .4. 

Let p and v bo the pressure and mean 
Fig. 40. ^locity immediately before the change of 

section. 

Let P and V be the pressure and mean velocity in the large pipe when 
the motion has steadied after impact. 

Let p' be the mean pressure on the end of the pipe at EE. 

Neglecting frictional effects, which will be small, the forces tending to 
produpe a change of momentum in the direction of flow between the 
sections at which p and P are measured are:— 

(1) the pressure over the area at p = pa.^ 

(2) ,, „ „ „ „ EE =p' {A — q). 

(8) „ „ „ „ ,, at P = PA. 

<■' The force producing change of momentum in the direction of 
motion = {p a p' {A — a) — P A} lbs. ' (1)' 

This must equal the 6hange of momentum per ^jecond in the direction 
of this force 



WAV^ ' Wav^ 
9 9 


W 

9 


{A F“-oe“}. 



The'^rossure p being measured at the mean depth of the section. 
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Th% assumption is commonly made thaj the pressure p' over the face 
EE is uniSprii^ and is sensibly equal to p. Although the actual dis- 
tribution,and magnitude of this pressure probal)Iy vary with the ratio of 
the areas and relative position of the two branches, and with the velocity, 
we have not sufficient experimental data to frame any definite law con- 
•nectiug the two. The above assumption, howpvpr, appears to be fairly 
well justified by the results of such experiments as are to hand, and 
mdkiiig use of this wo have, ofl combining equations (l)*and (2) 

(p - }*) A = j { A - a v^} (3) 

■*- A V 

Also for eontinnifcy of flow A V = av .\r = - 

= (4) 

If now H’ ~ loss of head due to shock at the enlargement, we 
have 


W ' 2 (/ 
p — P 




IV 


+ 


JV 


• n 


2 ji 2 (/ 


= H' 


in __ 

Substituting for from (4) we get 


= r,(*- 5 )- 


_ (v - F)» 

~ 2p 
A 

Writing m for—, relations (7) and (8) become;— . 

d 


(5) 

( 6 ) 

(7) 

( 8 ) 
(9) 





( 10 ) 

W 


Eecent ex^qj-iments by the author* indicate that the percentage loss 
increases slightly wiiti the ratio of enlargement? and in pipes with the 
same ratio of enlargement is greater the smaller the pipe. 

Denoting the ratio of enlargement by m, and the smallef diameter by 
d, the loss at a sudden enlargement for values of m between 2 and 12, 




* “Trans. Roy, Soc. Edinburgh/' vol. 48,1911, p. 97. 
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And for pipe diameters ranging from ‘50 inch to 6 inches, can be expressed, 

utifVkivi V»Tr 4-Vi/\ vofrt4-J/vv» 


within narrow limits, by the relationship— 
102‘5 + ■25m - 2‘0<i 


loss of head = 


100 


(t’ l — ».’2)° 
2</ 


I 


feet. 


The following table shows the resifits obtained by the use of the formula, 
agains't those experimentally obtained :— 


Dlametera of pipes. 

Value of M. 

(vi — Vifil, 

uoss expressed as perconU^ of -— 

Es^ierimeutal. 

Dy formula. 

•65 to 2’16 inches 

10-96 

103'6 

103*9 

•Si'' „ 1-Si „ 

9-0 

’ 102*8 

lOH-7 

1-0 „ (1-0 „ 

9-0 

102-1 

4'102*8 

1-6 „ 3 0 „ 

4-0 

101*7 

100-5 

2-0 „ 2-0 „ 

2-25 

99*2 

99-1 

8-0 „ C-0 „ > 

4-0 

97*6 

97-C 

4-0 „ C-0 „ 

2-2.'-. 

92 (approx.) 

95-0 


Aet. 34.—Loss IN Pipes and Passages with a oeaddally iNCEBASiNa, 
Ceoss-Seotion. 

The loss of head accompanying a gradual enlargement of section would 
naturally be expected to be less than that experienced at a sudden 
enlargement of section between the same initial and final areas. To 
determine the extent to whicj^’this conclusion is justified a somewhat 
extended series of experiments on such pipes was recently carried out by 
the author.' 

foonlar Pipes with Uniformly Diverging Boundaries.—Calling 6 the angle 
of oonicity of a pipe, the following table,*a8 also Fig. 41, shows the mean 
of the results obtained. 


Loss of Energy expressed aa a Percentage of 


(<•< - r-a? 

~W~’ 


the Theoretical Loss at a 


Sudden Change of Velocity from to 


(/alueof4. 

180®. 

90 ". 

m 

40».t 

1 

200. 

KP. 

Pin diameters J 
in inches. ' 

1 

■ -65 toys 

1 -60 „ ITiO 
1-U „ .H-0 
i 1-6 „ S O 
[ 2-0 „ 3-0 

103'5 
102*8 
102*1 
101*7 
99*2 

102*6 

104-1 

UM 

1121 

102-8 

101-3 

120-6 

■c 82.0 
80-8 
101-7 
88-7 

45*0 

44*0 

42*6 

41-9 

1 


*-“Ptoc. Eoy. Soo. A.i'’ vol. 83,1910. “ Trans. Eoy.^Soc. Edinburgh," toL 48,19H, p. STl ’!'; 
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Frjm these it appears that as 8 is diminished from 180° the loss increases, 
attains a n^xJ^ium value for some value of 6 in the neighbourhood of 66°, 
and afterwards diminishes rapidly with 6 until 6 is about 6° 30'. This 
value gives a minimuA loss of approximately 13‘5 per cent. Any further 
diminution in 6 is accompanied by aft increased loss owing to the large * 
• value of the wall friction in pipes of the comparatively great length 
accompanying such small values of 6. The value of 8 giving rise to the 


• • • 



0 OS /-o 1-5 zo 25 3-0R*dmiu 

Angle between diverging sides of nipe. 

Fio. 41,—Lofw of llrail iti (Hrcnlfir Tai>cr Pipes. 


same loss as is experienced with a sudden change of section, varies from 
41°*to 60°, being slightly greater for a given area-ratio the larger tht 
pipes, and, lor a given mean diameter, increasing in an irregular mannei 
with the area-r%tio. Its mean value over the range of ratios consideipo 
is approximately 50°, and where, in the design of hydraulic machinery, i1 
is necessary fo't this plue to be exceeded, a sinUeai enlargement of sectioE 
gives n more efficient transformation of energy than, does a unifonnlj 
tapering pipe. For values of 6 between T'S® and 85° the. loss may bt 
expressed with a fair degree of accuracy by the relationships— 

loss = ‘0110 feet, where 0 is in degrees, 
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Angles between divergent sides of pipes 

Fig. 42 ,—Percentage Loss ol Head in Straight Taper Pipes of Square and, Rectangular 

Section. ' 


loss = 3-50 ^tan 

•This latter relationship becomes of importance in the design of jromp^t 
B'hap§d pipes.to-giVe a minimum loss of energy. 
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Kectanfnlar Pipes with Uniformly Diverging Boundaries.—Three sets of 
rectanghlar pijjBS were examined, these ,having one pair of sides 
parallel and inch apart in every case. The, areas of the small and 
of the large ends of th^se pipes were, in the case of the pipes having 
area-ratios of 4; 1 and 9: 1, identical, with those of the circular taper 
gipes having the same ratios of enlargement. 

The,results of the means of the experiments on thes'e pipes are plotted 
in Pig. 42. From these it appears that the percentage loss is very 
approximately the same for ail ration ,yf enlargement between 2'25 ; 1 
and 9 : 1 for values of 6 bt4ween 10° and 40", and that it varies but 
little with the dimensions of tlie pipe. The minimum loss is obtained 
when ff is approximately 11°,,the percentage loss under these circum¬ 
stances being about 17‘.5 per cent. As d is increased the loss incruises 
rapidly, and attains a value of 100 per cent, when d is between 31° and 
40°, the value of this critical angle being less witlj the smaller ratios of 
enlargement and with the pipes having the smaller mean sectional areas. 
For values of 0 between 10" and S.*)", the only values of any use in 
practice, the loss can be expressed with a fair degree of accuracy by the 
relationships— 

loss = '0072 0' * ~ where 0 is in degrees. 

Experiments on rectangular pipes having an enlargement ratio of 9:1, 
and having 0 respectively 40°, 50°, and 90", showed corresponding losses 
of 115,122'3, and 119 per cent. This indicates a maximum loss when 0 
is approximately 70°, or when it has sensibly the same value as gives 
maximum loss in the corresponding circular pipe. 

Pipes of Square Section with Uniformly Diverging Boundaries.—Five 
pipes, having a smaller section 1’329 inch square and a larger section 
2‘f)58 inches square and with 0 respectively 5°, 7’5”, 12'5°, 20°, and 80°, 
were examined, the results bling plotted in Fig. 42. The percentage loss 
is a minimum for a value 0 in the neighbourhood of 6°, practically the 
same as for a cirjular pipe, and has a value of about 14'5 per cent. 

Tmmpet-Sliaped Pipes.—From a priori reasoning it would appear that 
when the initiSl and final areas and the lengtli q| a pipe are fixed, the 
loss of head may bo reduced by making the pipe trumpet shaped, the 
angle of divergence of its sides being least where the velocity is greatest 
and vide versa. To test this point several pipes were examined, these 


being designed so as to make either the retardation 



constant, the 
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change of velocity per unit length of pipe constant, or the^loss of 

d(v^) f <" 

head per unit length of pipe constant. The latter pipes y^ere found 

d X f 

to be the more efficient, the savjng, oyer a straight taper pipe of the 
same length ranging from 20 per cent, to 60 per cent, and being greater 
the shorter the pipe. . ■ 

In a rectangular pipe of length I, satisfying this condition and haying 
one pair of side's parallel, if the lialf-breadths at the small and the large 
ends are respectively i/i and i/a, the half-breadth y, at a distance x from the 
small end is given by 

J. _ J./ h., _ . L d I 

^ *V?/ Wi/i ^ vy/f/i 

while in a circular pipe whose smaller and larger radii are n and ra, the 
radius at a distance .n.from the small end is given by 
1 1 _xljl 1 \ 

V/'"' Wr} 1. VvVi'' Vi?/ 

Where the length of pipe is great, or the ratio of areas small, tpe 
curves thus formed may, at the smaller end of the pipe, diverge at an 
angle less than that (6° in a circular pipe and 11" in a rectangular pipe) 
giving minimum loss, and in such a case the pipe would be made to 


, > The loss ia a straight taper pipe whose angle of divergence is B is proportional to 8 (»)* and 
TWy seuBibly or U* ^tan wftre n « 1'40 for a rectangular pipe. Hence in a length 
8 d; of a trumpct-shapeil roetangnlar pijie, over which t,he mean angle is 8 , the loss is 
presumably proportional to 5 (v)* ■ (^.y*** ® ^ where y is the half- 

^eadth of the pipe and where tr measures tlie dtetauce of the element under consideration 
from some datum poiut on the axis of the pipe. > 

But in such a pipe y - 2 ^ 

- ^ loss in length 8ir — “ (y *2) ^5 a*. 


For this to be constant per unit length 


Vdx) ° 


il. 

' d x' 


coDslant, 



yi — — y - = .ft v**-' 

If the origin fiom which w is measured be taken at the small end of the pipe, Wl 


- -as . 


« X (a? <- W\), 



COMPOUND PIPES AND PASSAGES 89 

diverge uniformly at this best angle up to a point where its straight sides 
would *interseoii,the calculated curved sidesj- 

If, on the'bthOT hand, the length of pipe is sruall or the ratio of areas 
large, the calculated cjirves may, towards the larger end of the pipe, 
diverge at an angle greater than thal^ giving a loss equal to that at a 
^sudden enlargement. 

In /?uch a case a more efficient pipe is obtained ' by enlarging the pipe 
to its final section by a sudden enlargement at the point at which the 
angle of divergence becomes equal to^ljjs critical value." 

A still more efficient pipers obtained if, from the point at which the 
angle of divereence becomes equal to the critical angle, the section is 
enlarged gradually, the best angle of divergence being found to vary but 
slightly in such circumstances and in any cases likely to be .foufld in 
practice, being approximately 20° for a rectangular pipe, and 10° for a 
circular pipe. , 


Compound Pipes and Passages. 

The loss of head in a pipe whose section increases gradually from Ai 
to As, and which then 
suffers a sudden en¬ 
largement of area to 
Ai (Fig. 43), is 
•approximately equal 
to the sum of the 
separate losses which 
would be experienced 
in the taper portion 
of the pipe and at the 
sadden enlargement, 
if these were independent of each other. By reducing the angle of 

half.breadth is yi, .rj = I), anil if I be tlio length of the pipe, and if be the half-breadth at 
the Ifci^ei^nd, a*a - ^*1 = Z, aud ^ 

|yi" '“j- 



• y ■ 


In a circulaiapi^ n 

• d 

Proceeding ns above, this gives 

y\‘ 

and on the same assumptions 


1 *22, while r®« y " bo that 




l.» _ y - 

before 


i constant. . 


= A' (i^— fF|), 
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• * 

divergence of the first portion of such a tube, the sudden enlarge- 
Ji,^t of section and the accompanying loss is maife greatd?:, but 
iie loss in the diverging portion is reduced in a double dCgrSe, since not 
only is the numerical coefficient expressing such V>ss as a perientage of 
{vi—Vsfl^g diminished, but As is djminished at the same time, and thus 
the factor vi—vs is also diminished. A diminution in the angle of^ 
divergence therefore cauees a rapid diminution in this portion of the 
loss, which may, or may not, be counter-balanced by the loss at jihe 
sudden enlargoiuent of sectioiij , Owing to the comparatively low 
velocities at the large end of the pipe, however, except in pipes whose 
length' is comparatively very short, and whose ratio of enlargement 
is small, this latter loss is comparativelyismall and the total loss is a 
miniuium with a pipe—straight or curved—whose angle of divergence— 
actual or effective—is little, if any, greater than that giving minimum 
loss in the diverging K>rtion of the pipe alone. 

It thus becomes possible to design a pipe—often with a considerable 
reduction in length—in which the boundaries are straight, and in which 
the loss is still appreciably less than in a straight taper pipe giving th^ 
full enlargement of section with the best possible value of d. 

The total loss, of head in such a pipe (shown in Fig. 43) is theoretically 
equal to 

I-(«!,-’’a)® , (ni-vssy, 






+ ' 




• feet 




where K is obtained from the^urves of Figs. 41 and 42. As — = 

■ . ■ ‘>''1 

while = -J-, where A represents the corresponding area this becomes 




or 


• (vi — V if 




In a rectangular pipe whose breadth increases uniformly from h to bs in 
a length L, 

* 0 

6a = -f 2 L tan ^ 

z= btA-L 6 (apprdximately) where 0 is in angular measure, 
so that As=AiA-l.i 6, and thp above expression becomes 
loss = 

•V IkhM - srTr.)’+ (srrr-.+D’l] W 
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The corresponding expression for circular pipes is 


loss =» 


• 2 ? 







Differentiating these oxi>ressi(yis with resi)ect to 6, the vithio of 0 and 
hence of or /'n, giving uiiiiinium los» of head, may he obtained. As, 
however, K varies witli 6, tfio resulting expression becomes exirej^ely 
cutubersome, the best value is more easily obtained by trial of a few 
values of 0 and the corresiwmling values of K. Handled in this way a 
solution is readily obtained. , 

The following table shows values of 0 giving miniinuin loss of head in 
such a pipe, along with tho corresponding loss of head in the pipe, and 
in a straight taper pipe of the same length and with the same initial 
and final areas. 





Valin* of « 

i>r 

pitie(iiirlirs) 

VtllK* of 9 

Loss of 
hoiMl 

lioss of liead 

oxprttssHl as 


Ratio of areas. 

jiiiiiiiiinm 

Ui»’ri»))n: 

as ii pci - 
cpntage ol 

a jtproontuKe 
of ttie loss 



l<t.SS. 


lonjflh. 

(I'l - 

ig 

in straiffht 
Ityier pipe. 



it ; 1 

Kr 20' 

17*9.5 

1.5° 

i(;*2 

54*9 



10 ’ 40' 

S-Kl 

30° 

15*3 

16*0 



(Sections 'Hit inch x nieh) 

1 0’ 00' 

(M9 

40° 

ir>-2 

U'2 

s 


\ aiul 5-3ir>inches X iiicli j 

4.r 

4 08 

00° 

20 3 

£ 



JO- 20' 

1.5* 1.5 

1.5“ 

1.5*(» 

53-8 



4 : 1 

11” 00' 

11*30 

20° 

ir.*3 

32*6 



j 1*329 inch stjuare to ) 

12*’00' 

7*4.5 

30° 

18*2 

22*0 

a 


11*329 inch X 5 31.0 inchesf 

12" 4;V 

r,-48 

Id" 

22*0 

21*1 

c3 

0 



1.5° 30' 

3*45 

(ur 

29-4 




2*2.’) : 1 

10° 40' 

6*30 

1.5° • 

15-2 

61*6 



j 1^329 inch stjiiare to ) 

(1*329 inch x 2*99 iiichesj* 

13° 20' 

3*10 

30° 

22*8 

26-8 



1.5° 40' 

2’2!) 

40° 

28-2 

25-2 

/ 

9 : 1 

7° 10' 

:vsu 

1.5° 

13*0 

62*3 

$ 


•50 inch diani. to 1-.50 inch diam. 

H° 00' 

1*87 

30° 

18*2 

27*2 



. 4:1 

7° OO' 

K*.57 

10° 

12-7 

73-5 



l*r)0 inch (li.a^. to 3*0 inches dinm. 

13'^ 30' 

2*30 

30° 

20*8 

22*2 

p 


2-25 : 1 * 

7° 00' 

5*71 

• 10” 

13*4 

72*5 

0 

[ 

2*0 inch diani. to 3*Uincliesdiani. 

1.5" no' 

1*87 

• 

30° ** 

21*3 

35-2 


By this method of constriictign the loss may be reduced in favourable 
circumstances to about 90 per cent, (in rectangular pipes) and to about 




oeni. (in circular pipes) or tne minimum possiDiu loss m 


laniformly tapering pipe undergoing tiie full enlargement eecfion. B 
^designing the pipe* 
from Ai to Aa with 
curved boundaries, the 
loss may be stil 1 f imther 
reduced. In thre" 
majority ol^ cases 
ooeurring in practice, 
hoover, the addi¬ 
tional trouble of cal¬ 
culation and cost of 
template will not be 
counterbalanced by 
the slight increase in efficiency which they render possible. 

Effect of projecting Smaller Kpe into Space bounded by Diverging WaHs.— 
For the purpose of examining this effect, a thin sleeve of intornal 
diameter '90 inch and external .diameter I’O inch Was prepared and' used 
inside the various 1-inch pipes, as shown in Fig. 44. ‘ 

The results of the experiments are as follow:— 



Percenliigc Loas of Head. 


Value of 9 

40“ 

60“ 

90“ 

Taper pipe without 
aleeve 

80-87„ 

101-.S“/„ 


Projeeting pipe wifli j 
diameters -90 ineiil 
and 3 inches . . i 

l*lpe projecting— 

•50 inch . 98'0®/o 

1-00inch. m'0°U 

Pipe projecting— 

•26 inch . 104'6“/„ 
•60 inch . 

1-00 inch . 112 ' 07 „ 

1 

Pipe projeeting— 

•26 inch . 107*7®/, 

1 


In every case the effect of the projection is to increojse the- loss, th4' 
effect being greater tile'greater the length of the'projection and also the 
leSs the angle ofdivergeucp of the conical sides. The loss is, ffi fact, 
•greater in every case than would be experienced if the pipe wcJIb were- 
’tapered off from the extremity of the projecting pipe, ns shown'% tfete 
detted lines in the sketch 











AR’ft 36.—I^pss DUE TO ScDOBN CoNT^CTION OP AreA OP A 
Stream. 

When wafer flowing afcng a channel or througn a pipe meets with ® 
sudden contraction of the area of the pipe, as shown in Pig. 46, we aliao 
get a loss of energy which is due, not directly to the contraction of thh 
stream,*but to the subsequent re- 
enlargement which always takes j)lace. 

The stream, after passing the con-< 
traction. Buffers a further diminution 
in ‘area, and,Jpr a short distance 
fails to fill the pipe, afterwards re¬ 
expanding as shown.* Up to the con¬ 
tracted section the loss is solely that due to simple viscous resistance. 
If A represents the larger stream area > 

„ a „* „ smaller „ 

„ flj „ „ veua contracta 

V, V and representing the velocities at these sections, the loss of energy 
due to this enlargement is approximately 

- ft. lbs per lb. 

Writing for —, the above may be expressed in the form 



Fio. 45. 


F 

* r 


{v, - vf _(1 Y . 

2 (, -\C] 

Here F is called the coefficient of hydraulic resistance, and can only be 
determined experimentally. 

’A series of experiments carried out by the author on the apparatus 
shown in Pig. 45, having a value of m = 10'96, and having pipe diameters 
of 2'15 inches and ’65 inch, gave a mean value of '600 for C„ over a 
range »of aalues of v from 1^35 to 8‘69 feet per second. The value 
diminished frem ‘610 with the lowest to ‘eS? with the highest of these 
velocities. Experiments on a 6-inoh pipe, contracting respectively to 
a 8-inch and to a 4»inch pipe, give in the former case a value of P" = 7’8T* 
(Cj = ’696), afld^ the latter case F = I'O (<7^ = ’692). 

If Ce has the value *586, the loss 
the valu^of C„ where the area A is so large as not to affect the stream 


•60 This is approximately 


' 1 This action may occni even though the pipe is full of water, the space shown empty b> 
Fig. 45 Using now occupied by dead water which takes no part in the Row through the pipe. 
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'UnffroSncfcion, and gives the loss usually found where a pipe if led out 
o(a SBs&voir by means of a sharp-edged junction. , 


Akt. 36.— Loss caused by a Liauheagm in a Pakalueu Pipe. 

. Much work in this direction has been done by Weisbach, to whom the 
following experimental results are due. 

With a diaphragm having an aperture a loading from a reservoir of 



Vkjs. 40 aii(! 47. 


= F —^ , the following values were obtained, 
itena ccntracta. 


Here Cj a = area of 


a 

A 

'•1 ^ 

•2 

•3 

■4 

■5 

•6 

-7 

•8 

•9 

1-0 


■616 

■614 ^ 

1 

•sic 

■610 

1 

‘607 

•605 ■ 

•603 

•601 

■598 

•596 

F 

231-7 

60 99 

19-7H 

9-612 

r>-2r)6 

3'U77 

1.-871; 

1 

1-169 

■734 

•480 


With a diaphragm inserted in a pipe of area A (Pig. 47) the following 
values were obtained. 



a 

J 

■I 

•2 

‘ -3 " 

i ■ 

•4 

■5 

•6 

•?. 

•v 

•8 

•9 

1-0 

'a. 

•621 

' -632 

■643 

•659 

•681 

1 

■712 

■75.5 

■813 

■ 89 ;}. 

100 



4^77 
f '• 

30-83 

7*80 

3-753 

1-796 

A 

■797 

■29 

■06 , 
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A formula connecting the area of the vena eoutracta with that of the 
aperture in ^le diaphragm, in terms of tlie relative area of pipe and of 
aperture, i^ given by Eaukine, and is 

Thus when a = A, = 1. 

* „ a is very small, C/has the limiting value •fiW. 

The effect of the portion of the pipe before the orifice is to produce a 
olpser approximation to parallelism of the stream lines, and in conse¬ 
quence a vend Sontracta of larger area is obtained, with a reduced after¬ 
enlargement, and hence less loss than where this constraint is absenj, 

f 

AiiT. 37 .—Chanok op I’jiessuke across Stream Lines. 

If water be moving with stream line motion, these stream lines being 
curved, the pressure varies from one stream 
tube to another. This change in pressure 
may be determined by considering the equilib¬ 
rium of an elementary column of fluid of 
sectional area h a (Fig. 48), having its axis radial, 
and resting with its two ends in two stream 
tubes, whose pressures are p and (p -+• S p) 
respectively. The centrifugal force on the 
column is balanced by the difference of 
pressure on the two ends and we have, for 
equilibrium, 

W .ia.hr .Br 

' g r dr 

W 7^ _ dp 

V g r dr 

Art. 88.—Vortex Motion. Pressure in a Eotatino Liquid. 

Where a mass of liquid moves as a whole with vortex motion, this may 
occur in either t)f two ways. 

The first is seen when a vessel containing water is japidly rotated, or 
when the contained water is stirred so as ft) make it rotate as a solid 
body, the velocity increasing with the radius. Such a vortex is termed 
a Forced Vortex. 

The second is seen when water flows through a hole in the bottom of 


ptep 



FlO. 48. 


h 03 


•618 


n/7 - •, 


618 
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a vessel. Here a vortex is usually formed naturally, some initial d'stnrb- ‘ 
ance of the water determining the direction of rotation, although in the 
northern hemisphere the earth’s rotation 
would itself tend to cause a rotation in 
an anti-clockwise direction as viewed 
from above. This is termed a Free 
Spiral Vortex. The water moves spirally 
towards the centre with stream line 
motion, so that, neglecting visc'osity, its 
energy per unit mass is everywhere the 
same. If, while the mass is rbtating, 
the^ orifice be plugged, the motion 
becomes' one of simple rotation in 
horizontal planes, and forms a Free 
Cylindrical Vortex. ' 

Forced Vortex Sotion.—Since the angular velocity w is constant, wq- 



Datum 

ifvet 


Fio. 49.—Forced Vortex. 


have at any radius r, v = w r. 

The increase in pressure radially is given by 


(1> 


tr r 


W 


_ rr 0 


dp_W _ _ 

dr g ■ r g 
Integrating between the limits n and 1-3 we have 
Pi—Pi 

IP ■^2.0' 

If p = Pq where r = 0 , 




( 2 ) 


ir 




ig • 


or, putting= h (Fig. 49), 


K — ha — 


^ 9 ' 


h — lio -f- 


2,0 


winch is the equation to a parabola. 

Since the pressure at any point is that equivalent to the column of 
water supported at the point, it follows that all surfaces of equal .pressure, 
including the free surface of the vortex, form paraboloids cif revolution 
laving the axis of rotatiop as their common axis. Near tne sides of the- 
lessel the liquid lags owing to viscosity, and here the surface level will* 
;all below thalj of the paraboloid. • v 

Cylindrical Vortex Kotion.—Here, since we have atreaih line 

Wtion, ihe equation constant, holds. 

Ir ig 
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■ /. in*any horizontal plane = eonatant. 


Differentiating, 


IK ' 2,7' 

1 (//),(.• 
ir -di- !i • dr ~ 


( 1 ) 


. Introducing the. condition for rise in pressure across a stream tube, 

. IKr* . , 

VIZ., - = this becomes • 

[dr gr , , 

•j’“ I d r _ - 
g r (j d !■ ~ 

. d r , r ^ 

+ = 0, or 
d r r. 


d r _ d V 
r n 

Integrating we get log, r + log, v = constant = Ji. 
' V r rz. constant = c^' =z Bi. 

Ih 


v = -^ • (2) 

i.j., in a free vortex the velocity varies inversely as the distance from the 
axis of rotation. 

It follows that the increase 
of pressure with radius is 
identical with that in inward 
radial flow. 

Thus if pi, Vi, j'l, are the 
attributes of a point in the 
same horizontal plane as p, 

V, r, ■ 


P - pi _ t-i^ f, 
2;/\^ 


ir 




(3) 



Fio. .W.—Free Vortex. 


Putting jp- constant in Bernoulli’s equation we got the equation to the 
• -^2 

curv» of equal pressure, that is ^—h ^ = constant = C, and substituting 
for V in terms of r fffem (2) we have 


2gr 
. C-z = 


+ z = G 


2 g ■r 


the equation to a hyperbolic curve of the nature y z? = .4, and which is 
asympMtic to the axis of rotation, and to the horizontal through z = G 
(Fig. 50). 

A Free Spiral Vortex may be considered as a case of cylindrical vortex 
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and radial motion combined^ in the required proportions,.aince ip each 
case the velocity id inversely proportional to the radius. ^ The angle 
between the stream line and the corre.s|)onding radius vector at any point 
will then be constant, and the slfeaiii lines will*iorm a series of equi¬ 
angular or logarithtiiic sjiirals. The dillereiico of pressure l)etween any 
two points may then be found by adding the pressure differences due to« 
the two methods of flow taken separately.^ • 

Strictly this should only bo ^ipplicd to cases of inward flow, since 
outwSrd flow causes instability. * 

In a free spiral vortex formed under normal conditions, the surface 
resistances tend to prevent the attainment o[ such higlwelocities near 
thojjentre of rotation as are indicated liy the preceding analysis. In 
consequence the actual values of C — z for sinall radii are less than those 
calculated. The following observations by the author m the surface 
profile of such a voftex, produced by the discharge from a circular 
cylindrical vessel 2 feet in diameter under a constant head of 1) inches, 
bear out this point. 


lladiufi inchofl. 


12. 

Mi 




2. 

. 

1. 


olwerved * . . . 

■0 

•02 

■f i.*i 

(hS 

■i;i 19 

■to 

1J4 

((J — z) inches. 1 









Orifice 1 iticli dinincfcr | 

oalenuited (f. — ^ 


•02 

ii;j 

■n.) 

•II , *19 


l-7t 

(r—4)inJuii. I 

Orifioel’oiiicbdininetfr i 

ol>sen^ .... 

•nil 

•o:, 

■iu; 


•'2*\ '■ '4:i 

1 

I t>t) 

2-!H> 

1 

calculated ((7 - r) •= _ 


•(M 

•ofi 

11 

•24 i -4;) 

1 




Since the velocity varies inversely as tlA radius, and since this velocity 
cannot be infinite at the axis wlur.e r = o, an air column is esseTitial 
at the centre of a free vortex. When this air column cannot be uiain- 
tiiined, we get a combination of a forced vortex—at add near the axis— 
and a free vortex at points fui-ther removed (Fig. 51). 

If o be the radius ai»wl»ich the two surface curves intersect, the depth 
of the central dejp’ession Below the general level of the surface may be 

shown to be given bv-feet. 

* !/ 

This is termed a Compound Vortex, and the state of affairs there 
existing is of importance in its application to the theory of tjre flow oi 
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watei; in a ctniriftigal pump fitted with ^ Vortex Chamber. Here the 
water in t)je impeller forms a forced vortex with outward radial flow, 
while when free of the vanes an approximation to a free sjiiral vortex is 
formed, and the pressure increases as’the velocity diminishes outwards. 

Certain proi)ertie8 of the free vortex are of inlcreilt. If a film of oil be 
formed on the surface, owing to its density being lees than that of water 
this* at once approaches the ^ixis of rotation and disappears down"' the 
funnel of the vortex. The same tln'ifg hapjwns to any small floating 
body. If of moderate dimcnsiojis, however, the portion nearer tBe axis 
j3t rotation is in a region of higher velocity than those portions further 
removed, and a series of frictional foi'c(!s is thus called into ])lay, acting 
on the body, which forces are* greater as the points at which they sat are 
nearer the axis of rotation. The effect 
of this is to produce a rotation of the 
body about some point near its outer 
edge, and away from the centre of tho 
vortex. The body may be thus alter¬ 
nately attractcid to and repelled from 
this centre, the action being repeated 
as long as the vortex is in existence. 

A large floating body d(!stroys the funnel in its U])per parj;, and, if 
air is prevented from entering through the exit, in the lower part 



Fio. 51.- Conipuund Vortex. 


1 


this. 


also.^ Since in the floating body v x r, while in the liquid v 

I 

by friction, tends to destroy tho vortex motion of the ujipor layers of 
liquid, and, by viscosity, also of the lower layers. 

The formation of a vortex in a discharging vessel increases the time of 
discharge by diminishing the effective area of the orifice, and by reducing 
the inclination of tho issuing particles to the plane of the orifice. Experi¬ 
ments by the author showed .that when discharging water under heads 
varying from 8 to ]‘2 inches in a free spiral vortex, the coefficient of 
discharge rftis sensibly independent of the head and had a value ‘287 for 
a 1-inch orifice and ‘178 for a 1^-inch orifice. When no vortex formed, 
the eoefficienfr was ’02. 


Examples. 


(1) In a 12-inch Venturi meter the throat diameter is 4 inches. Taking 
C to be constant = '982, determine the difference of head ac the entrance 
and thtoat when discharging 


> For s full account of such phenomena, a paper by the author—" Memoire, Manclicster Lit. 
and Phil. Soc.,” 1911—may be consulted. 


H 2' 
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(a) 100 j 

(h) 500 • gallons per minute. 

(r) 1,000) 

N.B.-—1 gallon = 10 lbs. 

Answer? <ii) Vel. = ’340/. s. — -140 f(!et. 

(//) „ = 1-701 f. 8 . - 3-7:i feet. 

(c) „ = :!-^02/.‘8. - M-0-2 feet. 

(2) Inward radial Ilow takes place between two parallel circular plates, 
3 feet diameter and (! indies apart. Discharge takes iilaco througb an 
orifice 18 indies diameter in the centre of the lower iilate, Neglectinii 
viscous resistances, determine the pressure»at the entrance when 1,000 
cubic Teet per minute pass the plates, assuming the pressure at the ed;;e of 
the discharge orifice to bo atmospheric. 

Answer. •.'>8.5 ftet of water = -254 lb. per sipiare inch. 

(8) If in the previous example the plates are fitted wilh vanes and 
rotate at 400 revolutions per minute, determine the difference of [iressure 
at inlet and outlet due solely to the production of a forceil vortex. 

Answer. 46-04 feet of water = 20 lbs. per square inch. 

(4) Taking the above (2) and (3), as an e.xample of an inward radial 
flow turbfue, determine the total pressure drop betwee’u 'nlet and 
outlet. 

Answer. 46-62 feet of water. 

(5) A centrifugal pump an impeller 12 inches internal, 24 indies 
external diameter and runs at 800 revolutions, discharging into a vortex 
chamber where a free vortex is forniod. If the outer diameter of the 
vortex chamber is 3 feet, deteriiiine the rise in pressure duo to the vortex 
%otion 

(a) in the wheel; (h) in the*vortex chamber. 

Neglect all losses and assume a perfectly efficient vortex chamber. 

-Answer, (o) ST!) feet of water. 

* (/i) 60-6 „ „ 

(6) A flat cylindrical disc, 18 inches diameter, keyed on to the lower 
end of a 3 inch vertical th»ft serves as a hydraulic f^itstep bearing. Its 
lower face is plane and bears against radiating ribs cast in the pressure 
cylinder, wliile-its upiier face carries a series of radial ribs which bear 
against the plane upper lid of the ]iressm-e cylinder. Thus water above 
the disc rotates with the disc, while the water below is at rest. The 
upper and lower sides arc in free communication around the periphery of 
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the disc. Detsnnine the resultant upward pressure on the shaft at a 
spec's of 40(5 revolutions per minute. 

Answer. 844 lbs. • 

(7) A pipe 4 ineheS diameter is suddenly enlarged to 6 inches diameter. 
Determine the consequent loss of energy per lb. of, water with a velocity 
of flow in the small pipe of C feet p(!r second. 

Answer, '178 foot lb. per lb. 



OTTAPTER V. 


Flow from a small Orllict' -CoellicirJits of Contraclinn, Velocity and Discharge— 
SapprosHwl (’ontracti/m- - hordas Moiillipiecc -SharjK'dgHl Oiiiict*-('iniverging Moullipiece 
—BelUmoHUicd Orilicc—Diverging' Oiitlrl -nf Approach--Time of emptying 
Reservoir— Siil»m<-igt‘d Orifice—F<)i in ()f Jets. 
a 

Alii. !t!). l'’i,ow raoM A Small Oiiificb.* 

Ip an opening lie nnulo in the side or base of a tank containing water, 
the iiitrodiiction of a few drops of aniline dye shows that steady stream 
line motiofi is set up in the mass of fluid, these stream lines converging 
towards the oriiice, from every side. At the boundary of the issuing 
jet the stream lines Are, as already explained (Art. 14), tangential 
to the. edges of tho orifice, and with a shri'p- 
cdged orifice the general stream line motion 
is as shown in Fig. 22. Ii follows that, after 
passing the plane of the orifice, the section 
of the jet gradually diminishes, and' its 
boundaries do not lieeomo ])arallel until some 
iinito distaucfc from I be orifice. Tne section 
at whicli the jot liucomes parallel is termed 
the rena omlrada, or contraciud vein, and 
^th a small circular orifice is at a distance 
from the oiifico equal to about -dUb times 
tlie diameter. 

Now suppose a jiarlicle of weight ic lbs. to travel along a stream line 
ffrom the surface to the orifice and on to tlio rena emtracta (Fig. .52). 
Since the motion is steady, the energy thronghout is constant (neglecting 
viscosity); and if we suppose the rurfaco area to bo large, so that t'lie 
surface velocity may be neglected, when in the surface its kinetic energy 
is zero. If the orifice is at a mean depth h below tlio frAe surface, and if 
its level lie taken as datum, the potential energy of tho particle is wh 
foot lbs., while its pressure ^nergy is zero, its pressure being that of the 
atmosphere which is taken at datum pressure. 

* By a sma)] we niojiii one whose dimensions are small in comparison with the head 
of water above its centre, so tlmt at any point in its ^rea the liead may be taken as equal to 
that at iU centre without sensible error. The subject-matter of Arts. 39—46 refen to such 
.Qiihces. 
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Immediately after passing the orifice, its potential energy is zero, so 
that if we can determine its pressure energy, its kinetic energy and there¬ 
fore its velocity may ho inferred. Now on passing the orifice the jet is 
exposed to atmospheric pressure, and i^f the pressure is the same through¬ 
out its pressure energy is zero. If the jet is parallel this condition is 
, satisfied,^ but so long as its boundary is curved the centrifugal action of 
the outer layers necessitates an increase in pressure aloiig the rndius of 
curvature towards the centre ol the jid,, It follows that tn the plane of 
the orifice, and up to tlie mid ainfrac/d, , 

fte pressure in the interior of the jet is 
gfealer than that of the atmosphere. 

The distribution of i)ressujre and of 
velocity across a horizontal diameter in 
the plane of the oi ilice is substantially 
as shown in Pig. With fres! lateral 
contraction, the velocity at the centre 
of the jet varies from ‘(>'2 to ’(il V2 ij li, 
while with lateral contractions sup¬ 
pressed this velocity is about ’(i!) V2 <j h 
' (llazin). 

At the vena cnnlracld, however, the 
pressure across tin! jet is uniform and atmospheric,* the pressflre energy 
at the orifice having been converted into kinetic energy, with a consequent 
increase in velocity from orifice to vena contraeta. 

The pressure energy at the vena contraeta then is zero, the potential 

energy is zero, while the kinetic energy is ft. lbs. per lb. 

Denoting the surface by the suffix (i), and the vena contraeta by the 
suffix (o), wo have 

where pi = po = 0; = 0; rj = 0 

. , 

"2,7 “ 

Co = V 2 7”-’7 =•</ 2 g h ft. per see. 

i.e., theoretically th'e velocity of efflux at th^ vena contraeta is the same as 



Fl(i. flS. 


> E?en In a parallel jet the pressure in the interior will be greater than atmospheiic 
becauae of the surface tension. 'I'lie magnitinle of Ibis excess pressure, in feet of water, is 

given bj It’ = j 1^-, where T is the surface tension in lbs. per foot and d is the diameter in feet 
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I ' 

if the particles hiwl fallen freely through a height k feet under the action 
•of gravity. ’ * 

The truth of the aliove theorem was deraon.sti’ated b/ Torricelli,* 
who showed that a vertical jet of fluid would riset very approxilactely to 
the free level in the vessel from which it was supplied. 

Due, however, to tlm visc.osity of the liquid, to surface tension, and to the ^ 
resistance of the air, the velocity is always slightly less than this thoorstical 
value, and is given by V 2.where C',, is called the Coefficient of 
Velocity. The value of 6'„ can only he determined experimentally, hut with 
a Bharp-lipj)ed orifice increases with /t from about •!»() to -994. Weisbaclj 
gives the hdlowing values for an orifice of ■Odd feet diameter:— ' 


t 

, h feel . . 

•Ofifi 

l-()4 

IIT) 

•Ofi-O 


... 

t 1 

■9,'■>9 ' 

•9fi7 

•97.0 

•99 f 


At the rnifi amfracla tlui stream linos for the first time hpcome parallel 
and perpendicular to the cross section of tho stream, so that if a, he llui 
sectional area of the rciia coiilmrta in square feet, the volume di.sch.ii god 
per second = V 2 h X cubic ft. If a is the area of the orifice, tho 

ratio - is termed the Coefficient of Contraction, and is denoted by 
a 

Cp The discharge is thus given by (’, C„ v 'i y h X a — 0 V 2 y h 
X n cub. ft. sec. 

Here C is termed the coefficient of discharge. 

These coefficients vary#ith the. head//; with the area of the orifice; 
and with the shajie of the orifice a,iid its position. 

Tho following table, gisdiig values of abridged from [lauiilton 


Jieiid from 
ceiitve (*f onlici* 
in feet. 

S'liijire Orilim; 

eiigtlis (if side df s'^llarl‘ in leet. 

•02 

•04 

•07 

•12 

-‘Id* 

{ 

, ' -4 


•64:i 

•628 

•616 , 


•6 

•fifiO 

•636 

•()23 

•613 

•605 

1-0 

•fi-lS . 

•628 

•618 

, -610 

•605 

0-0 

•(Wl) 

' '■•612 

•607 

•605 

•004 

20-0 

•(iOG 

•604 

•602 

•602 

•602 

100-0 

•o99 

•598 

•598 

•598 

•598 


* De motu gravium uaturaliter acoel^'ato (1043). 
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« « 

Heail alKJve ^ 
ceulre of orifice 
iu fect^ 


(breuliir Onliee.s; (♦mmol. 

ITS 111 


•02* 

•04 

!* -07 

•12 

•20 

• -4 



•G2H 

' -012 


• -6 

■mr, 

•f.30 

•G18 

•009 . 

•601 

1-0 

•G14 

•(?23 , 

,•012 

•005 

•000 

GO 

•GI8 

• •G07 

•002 

•5‘)9 

•59§ 

20-0 

•GOl 

•599 

•597 

•590 

•590 

*. 100-0 

•593 

•592 

•5i)2 

•592 

•592 








» 


^(Sinitli’s “ TTydraulics,” indicates tlie natiive of tliose variations. ’In each 
case the oridce had full contraction, had frees dischai'^e into air, and the 
inner face of the plate in which tins orilico was formSd had sharp corners, 
so that the cscapiirg jet only touched these inner edges. 

More recent (sx])eriinentB tln-ow some donht on the assumption, based 
chiesfly on the work of Smith, that th(! coelliciinit decnaises uj) to a head 
of 100 feet, undtu' which head it has a constant value of 'uO'd for all 
diameters from ’5 inches to 12 inches. Among these may he quoted 
those of A/r,s'«rs. Jiulil. und King at the Ohio State University,' which 
were carried out on orifices of diameters | inch, 1 inch, l^’inches, 
2 inches, 2J inches, under heads varying from 4 to 93 feet. The 
results showed a very small change in the coefficient for an increase of 
head. The following arc fi'om tests on the 2-inch oi'ilice:— 


lleud in feet . , 

5 00 

ll-os 

17 so 

2:{-2i 

3(; i2 ; 

■1702 

57-70 


(Joetfieient of diseluirge 



■OOKO I 

•dos;* 


-(;os8 

•d(tsi 

•6080 


Experimenls hy //. J. Ilillnu^ indicate that if an orifice is loss than 
alxmt 2'5 inches diameter jierfect contraction is inqiossihle, the degree 
of imperfectioil' hocoming niori! marked as the diameter decreases. This 
is true however high the head. P'or orilices of greater diamiitisrs the con¬ 
traction apjiears to he comiilete and constant for heads above about 17 
inches, attaining a value '598. Smaller orilices likewise liave a “ critical ” 
head, greater than 17 inches, above which the contraction is constant but 


* Emjinfirring y>Vww, New York, September 27, 190G. 
3 Engii^er, June 19,1908. 
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greater than ’SOS. The eoeffieient is the same for a giveij orifice^under a 
given head, whatever he thd direction of discharge. The following tables 
give the eBS(!iitial results of these experiments:— 

• » 


l)iamol(*r of orilice in) 
inelies . . .) 

Normal oFl 

dischfuuc . .) 

lii'itil in inclic.s 


oV*. 

n -2 


0 :t 

IM 


OB 1 n 75 ■ 

(1 r,:n 


(n;2K 


0C2I 

n(;2i 

OBIS I O-Bis 



« 41-? 

'.V2 

2.*i 

1 

“-2 

CO 1 IS 





• 

! 


I'O 

tiinl, 

over. 

\7 


Coefficients of DiscuAiiOE pon Standaud Circulae Orifices. 


Hc.nd 



Diameter of Onliee in Inches. 



inclics. 

anil over. 

’ 2 

11 

1 

1 

i 1 

! 

' 

4 

i 

45 

and 

} 0-598 

i 

0-599 1 

0-00.3 

0-008 

0-013 

I 0-021 

i 0-628 

over 

22 

) 

1 

1 




j ; 

1 0-621 

1 

1 0-038 

18 

- 1 

! — 



0-613 

i 0-0-23 

'0-618 

17 

0-598 

0-599 

0-603 

0-608 

0-0 M 

i 0-025 

0-045 

12 * 

0-()00 

0-001 

0-000 

0-012 

0-01.S 

1 0-030 

0-053 

9 

O-OOl 

; 0-000 

0-012 

1 0-(-.19 

0-()23 

i 0-037 

O-GGO 

6 

0-010 

0-012 

0-018 

0-020 

0-032 

: 0013 

0-009 

3 

— 1 

1 — 

- 1 

O-OlO j 

O-tilO 

; 0-057 

0-680 

2 . 

_ 1 

^ i 

1 


1 ^ 

- i 

0-003 

0'()83 

1 


The crilieal lieads and the corresponding normal coefticients Hie in 1 k> 1(1 flames. 


T. P. Stricldwul,^ from experiments on sharp-edged orifices of 1 inch 

• -018 

-and 2 inches diameter, deduces the formula C — •,5925 + 

where d is the diameter in inches and h the head in feet. 

< With a rectangular orilice, the coefficient is rather'greater than with a 
square orifice of the same area, and generally increases «with the ratio of 
the perimeter to the aren of an orifice. , 

Suppressed CoKtractioiL-^Any interference with the free production oi 
stream lines, such as occurs, for example, where the depth of water above 
the orifice is too small, or where this is near the sides or bottom Of a tank 


* “Proo. last. C.B.,” vol. 181, p. 581. 
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as indicated in Fjg. 22 b, curtails the full flow to the orifice, and tends to 
prevent the full^coiitraction of section at the couiviicta. In any such 
case the value of and of C will ho greater than-indicated above, the 
true values being entirely flojiondent on tli* circumstances governing the 
flow to the orifice. 

from experiments on a rectangular orifice, -177 feet long and -089 feet 
wide, in. which the contraction could he supju-essed on part (jr the whole 
of the perimeter by means of flat pTatos perpendicular to the plane of the 
orifice and •22 feet long, Bidone 
deduced the formula 

• C = -fiOS + •0!)2r) .r, 
where x is the fraction of the iwri- 
meter over which the contraction is 
suppressed. For circular orifices 
V = -(ios + -079 X. 

With this device, however, contrac¬ 
tion of section takes place at the inner 
edges of the baffle plates, and when 
the orifice is entirely surrounded this 
simply forms a Ilorda’s mouthpiece 
running full (p. 113) with C about '75. 

Experiments by Lcshnis on a 
vertical orifice, •(i5(> feet scpiare, 
showed mean values of the coefficient, for heads laiwoon l-fi and 10 feet, in 
the ratios I'OO, 1'032, 1-043, I'llfl, according as the contraction was un¬ 
affected, suppressed at the lower edge, at one side, and at the lower edge 
and sides, and thus agree fairly well with Bidone’s results. 

Where an orifice is made in th(! thick side of a vessel, or is fitted with 
an external pipe so that the jet, after springing clear of its inner edges, 
again touch<!i| the sides of the orili/;c before escaping, or where fitted with 
re-entrant mouthpic'co, the physical conditions governing the flow are 
entirely changed, and the coefficients assume now values. Thus the 
coefficient of contraction may vary from ■.'i to I'O under different condi¬ 
tions of working, with the same size of orifice and the same head. There 
is, however, nothing mysterious about this change—it is governed 
entirely by the conditioni of flow, and, as will he., seen, may be predeter¬ 
mined with some exactitude when those conditions are known. 

Submerged Orifices. - If an orifice discharges below the surface of the 
water in a second vessel instead of into the air, this has the effect of in¬ 
creasing the pressure against which discharge takes place, and thus of 
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reducing the effective heiid, and also of slightly reducing the value of the 
coeflicieiit of discharge. * 

The reduction of the coeflicieiit of discharge is prolJably a secondary 
effect of the eddy formation which occurs in ihe dead watdr surrounding 
the jet at A anej D, Fig. 54, the dead water comprising the eddy projecting 
into the stream add reducing its effective area. ^ 

In the Hketeh (Fig. 55), if tlio suffix (i) refer to the free surface in the 
ujijier vessel and suffix (o]t tm tho ve.tia cuiitraflta, we have, neglecting 
viscosity. 


/'I 

IF 


+ o„ + ~i - I,' + *2^ + ^“- 



Taking the datum level at the centre of the oriiicii, and assuming the 
area at the surface in the upper vessel to lie large, we have 

pi = 0; 'i = 0; ^0 = 0; Hi; l?i —11% 

2 If ■ * 

^ I'o = V ii <1 {III — III) = !l l>> 

where h = difference in level of the fri\o surfaces on the two sides of tho 

■ 

oriface. 

• • « 

Akt. 40.—FjXPRiininNTAi, Dbtehmination of the Coefficients. 

(1) Coeficient of Velocity, for an Orifice in a Vertical Plate.—Keeping h 
coustaiit, mark on a flat board parallel to the plane of the jet, points 1,2, 
3,4, etc., by means of a set square, these points marking as noairly as 
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possible the centra of the jet. Draw a smooth cjirve through tlie points, 
and draw the herizontal OA’ through 0 (Fig. 56). Taking any point on 
the curve we. get, if r is^the velocity of efflux, measuring horizontal 
distances from the vena contracta, * 

, x = Vi-, ?/ = -J- <1 




But 


J ‘2 h ^ V 

If the issuing jet make an angl^o with the horizontal, then, the origin 
of co-ordinates being taken at the vena mniraela, 

X =■ r cos a . f ; ■» = </ ('•* — v .sin a t. 

a ■ • 

Since V sin o t = .r tan a, on substituting for w.o got: 

(I 






I 1/ h' 


y -f .(■ tan a : 

■■ .=J\ 




ij X- a 

‘2 (y + X tan a)' 

Then f,, = r ^ --I y h. If a is not known, il a second pair of values 
j'l, 3 / 1 , are measured, wo gel ’ 

_ / <1 sec^ a 

^ ‘2 (//I-)-.rilan a)’ 

and froju these two equations a may bo calculated. 

A second method of determining the ccKillicient of velocity is to allow a 
jet of water to escape from 
an orifice in the vertical side 
of a tank supported on knife 
edges (Fig. '57), the level of 
the water in ^he tank being 
maintained constant hy the 
influx of a vertical'stream. 

The position ot .a pointer 
fixed to the tank is noticed 

it 

before the orifice is opened, 
and when the jet is allowed 
to escape, this pointer is 
biought back to the same mark by means of the weight W, placed at a 
leverage x. 



Kio. r,7. 
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C„ = ■ 


weichinT'^Thf, determined by 

g in„. Then if v b3 its mean velocity in a horizontal direction, the 

momentum per second leaving the tank in fiig direction = To 

produce this flux of momentum a constant horizontal force of magnitude 
11«. must be impressed on the jet, a force which can only be due to an 

otherwise unbalanc,ed pressure or the side of the tank opposite to the orifice. 

^.We have then, taking moments about tlio knife edge:— 

fi' r ' 

Wx= ^ .d where d = depth of orifice below knife edge.. * 

' ' ^ 1*^^' ^etjoud 

.r 

mu- . ^ ^ ^ 

This method is only suitable for e-vpariments on a small scale, A third 
mctliod, which has been apjdiod very successfully 
consists in measuring tho actual velocitv at several 
points in the cross section of tin, noia rv^/raefa bv 
means of a Pitot Tuie (Arts. 08,101). (f (hen v is 
file velocity at any radius x, the total discharge = 

r V X dx cubic feet per second. If a curve be 

plotted having as abscissa! the values of x and as 
ordinates the corresponding values of 2 n'x v, the 
a^a under this curve will represent the discharge 
^r second, from vhicli the mean velocity may lie obtained by dividing bv 
the area of the jet. *=■ 

(2) The coefficient of contraction, C,, may be measured by using a ring 
('ig. 58), siirroiindiiig tho jet at tho fe?ia amtraclu, and fitted with 
inicrometer measuring screws, which may be adjusted until ]ust touching 

. its surface.* * ® 

(3) The coefficient of discharge, C, may be determined directly by 
mmsuring the quantity Q in cubic feet discharged per second from the 
orifice a. under a head k. 



Fm. .^S. 


Then 


C = 


a V‘2 gff 


’*■’<1 fo'- citperiments on the moBsorements of the 
rTv R “'‘“llotio". see a pair 

mo i. 69 ’ ‘ 1909-10. Also JS«i,i,u^eri«g, Jaout^^. 
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Aitx. 41. 

Theoretically we may always calculate the flow 4rom an oriflce in the 
side or botlom of a vesSbl, by equating the flux of momentum across 
the plane of the orifice per second to the unbalanced s^itical pressure on 
the opposite vertical side in the one case, and to* weight of the un¬ 
balanced column of water in the other, i.c., by expressing, the fact that 
the total unbalanced force in the direction 0 f flow is taken up in producing 
this flow. With an ordinary opening in the side or bottom of a vessel, 
hqjvever, the calcirlation of this unbalanced force is impossible, since, due 
to tte fact that there is stream lino motion along the face containing the 



Fig. fiO. 



opening, giving the water kinetic head, the pressure head at any point in 
this face is less than that simply due to the statical head at that point by 
an amount which is indeterminate.^ The resultant unbalanced pressure 
is therefor^ in this case indeterminate. In the case of an opening in the 
flat, horizontal bottom of a vessel, the pressure over this face is not 
uniform, sinob the kinetic head is greatest near the orifice, the distribution 
of pressure being as represented in Fig. 59, where the ordinates from the 
bftse to the curve A B G D measure the pressure on the base. 

When the orifice G H is closed, the pressure on G His that represented 
by the shaded area H'P H G, but when open eiie"unbalanced pressure 
becomes that represented by the whole shaded area A JH? IIC I). 

Similarly in the case of an opening in the vertical side A K ot a 
vessel (Fig. 60). Here the area GEFH represents the pressure on GII 

> Since part of the head produces acceleration towards the point 
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tfhen the orifice is closed, while the horizontal distances Ijetweei^the line 
K M and the curves A B and G D measure 
the pressures on the side of the vessel with 
an tssiiing jet. The shaded area then 
represents the unbalanced pressure, which 
is to be equated to the outflow of momentum 
per second from the orifice. ‘ 

Jly* returning the mouthpiece for some 
distance into the vessel, as in the Borda 
mouthpiece (Fig. Gl), this flow over the face 
(ioiitainiiig tho orifice is prevented, anil the 
'’*• pressure on^this face now approximates to 

iliat due to the statical head alone. The equations of momentum can 
herefore be easily applied. 



Ar.r. 42.” Boiida’b Mouthpiece. 

Let a bo the area of the orifice and a, the area of the stream as soon 
IB it has assumed a paraiiol cylindrical form, i.c., at tho reiia 
Let/( be the dejith of this point below the surface. If the siiflixes (i) 
•efer to the surface and (i) to the vena cniitrada, we have, neglecting 
riscosit^. 


Pi 


W 




X - - X X - 


■ Zi = h\ I'l = 0 if surface area is large, 

. Vi = 2 p h. 

Mass carried away per second = ** .Oci’a- 


Also Pa =pi ^ 0 ; ii- 


Momentum carried away per second; 


a, r/. 


This momentum is produced by a force equal to the weight ef a column 
d water of area u and of height It (approximately). 

Force producing motion = Wa h lbs. ^ 

IV 


IF a h 


Oc 


= fl,.. 2 a h 
9 

.•. a. — 'Ga} 


Actiinllj' - C* jl h, so that, “e 

(I ^ * t) 

Dgrda running full is lupdiiietl in a similar manner. 


Tlio enefficiont of contraoWon for the' 
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i.e., the ^oefficieitt of contraction in the case of a Borda’s mouthpiece, where 
the eflSuent slyeam does not touch the sides of the mouthpiece, is one half. 

Borda’s :¥outhpiece running full.—With a vertical Borda, where the 
water in the vessel is initially quite stea*dy, 
the issuing jet after becoming parallel does 
not again come into contact with the sides 
of thevnouthpiece. If, however,,the water 
in the vessel be agitated, the jet, after *coft- 
tracting to fonn a vena coutracta, again 
expands to fill the mouthpiece (b’ig. 02). 

This is termed running fidl as opposed to 
running freely as in the previouff case. The 
issuing motion is now turbulent, not steady 
as is the case with a free Borda. It is 
worthy of note that under no circumstances 
with a free Borda, or indeed with any jet having non-sinuous motion, is 
any splash produced on meeting a solid surface. With sinuous motion 
splashing always occurs. 

We now got a loss of head due to the expansion of the stream from a, 
to a after contracting, so that 



Kia. S2. 


4- 4- - ■ 

W + 2 y + 


/'o 


+ 4 ^ “ +■?!) + loss due to expansion.. 


The loss due to expansion (Art. 83) = {m — 1)^, 
where m = 


V 

i.9 

a 

a,. 


ri + _’’L + + .’V r, . 

II'^2.9^^ 


IF ' 2// ' ‘ II 
But Pi = 0 and i i = 0. 
Fo 


Also Zi 


D^' + l] +^o 

- Zo =I/o- 


»o,r 


+2;*[(»<-i)“ + i] = /-o. 


( 1 ) 


Now equaiing the momentum passing the seption at 0 per second, to 
the force producing.it, we get 

W 

W a ha — po O' = - « V 


Po 

IF 


9 

vl 

9 


But li-i 


Po 

W 


y± 

'^9 


[ (rn — 1)'^ + 1] from (1) 


Equating these values we get --- ^ r- 


= 1 
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{Ill —If = 1 or JH = 2, 

i.e., tho coefficient of contraction at tlie neck in a Bordsy’s mouthpiece 
running full is one half. 

If the jet discharges into the S,tmosphere so that po = 0 we have 


<1 h 


(approximately), 


1 


rf = g ho, so that Vo = 

i.e., the'Velocity of discharge as times the velocity when flowing 

free, and since the area of full jet = 2 (area of free jet). 

.'. Quantity flowing perl _ ._ 

second from full Borda ) ' V 2 (ipiantity from fr.io Borda). 

* 

,,,„Tho coefficient of discharge from such an orifice, is thus equal to V 2 
limes tho coefficient for a free Borda mouthpiece and therefore to 
1 

(J^ a/ 2 ■ would make C = '745. 

Experiments hy H. J. Bilton' on such mouthpieces, 2.) diameter.', in 
length, gave the following values for C, no variation of C'with head being 
noted for heads as low as C inches :— 


iJiaindor (ins.). 

i i 

3 

i 

i 

1 1 

IJ 1 2 

2.} 

. 

•91 ! -87 
.1 

•85 

1 

•83 ^ 

•81 

•79 

•77 j -76 

■ -75 

1 

1 


The'difference between the calculated and experimental values of C is 
due to the fact that the area at the vena contraeta is actually greater than 
■5 a because of the effect of viscosity in modifying tho equation of 
momentum. Eddy loss at the re-expansion of the stream is consequently 
reduced with a corresponding increase in dischiirge. 

■ Denoting the contracted section by the suffix (a) we have , 

0- + ^ -f ^ -f ^0 + loss due to expansion. 


4ut loss due to expansion = ™ (2 — 1)“ = 

I if if 

Also t’a = 2 Vo, 

. po-pi_4vo^-2vo\, . 
... 2y- + (.t2-^o) 


(Art. 38) 


“Victorian Inst, of Kngiaeers,” April 1,1908. 
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Again !'o^ = g h, 

# po - Pi 

. . — /lo + ■‘i — ^ 0 - 

II • 

In a horizontal inouthpioce c-j = ioi 


\ J- = ho leet, 

i.e., the gain of pressure from ( 2 ) to ( 0 ) is e(jual to a head of ho foet. 

^If the jet issues into the atmosjihero po = 0. 

• •• = —/lo feet- 

Or the pressure at ( 2 ) is loss than that of the atmosphere hj an.amount 
equivalent to a head ho of water. 

This reduction of pnsssure at section ( 2 ) explains why the velocity at 
this point, and hence the discharge, is greater with a full Borda than 
with one running free. The conditions from the surface to tho section 
at ( 2 ) are exactly the same whether the mouthpiece runs full or free, hut 
in one case the jot is discharging at this point against atmospheric 
pressure, while in the other ease this pressure is in part removed. 

The effect is then substantially the same as if the free Borda were 
subjected to an additional head ho- , 

The theoretical limit of this ho is 34 foot, but practically, the liberation 
of dissolved air as the piessure falls, prevents the formation of anything 
approaching an absolute vacuum. 


AeT. 43.—SnARP-EDOISO OeIFICE in a flat PliATB, WITH Extbknal 

Tuue. 

• • 

Wjjih an external tube of tbe same diameter as the orifice, the effluent 
stream, afte» forming a rciui amtnicia, always re-exnands to fill tho tube 
(Fig. 68). 

In this casS, .as already explained, the coefficient of contraction 
cannot be theoretically deduced by an aiiplication of the equations of 
momentum. Its valu#is probably about '(bl, bift iimost certainly varies 
with the head and size of orifice. The final area of the*jet = a, so that 
the coefficient of velocity is the same as the coefficient of discharge. This 
coefficient varies with the size of orifice, with the length of tube, and 
probably to some extent with the head. Experiments by Weisbach gave 

I 2 
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tile following values of C„ for tubes having a length equal to abopt three 
diameters:— 


Diameter (feet). 

t 

1 -032 

1 -Ofifi 

1 ( 

•098 

1 -131 

r 

■848 

- 

•882 

•821 

•810 

< 


I'he value of C, was found to vary with the length of the tube approxi¬ 
mately as follows 


Length diameter 

r 

1-0 

3-0 

10-0 

Cv. 

•88 

•82 

•78 


If suffixes (o) and ( 2 ) refer to outlet and to venacontracta, since we have 




no loss of head from the surface to the section at (j) we get 


_ , V 

2 g 


( 1 ) 

Again, since the only loss of energy between section (») and the 
outlet, neglecting friction, is that due to the enlargement of section froih 
to a, i.e., 



SMALL 0RIFIC|1S 


117 


(m - 1)», where m = 

I 4 9 Ufl 

we have . ^ ^ ^ f 1 + (««1)“ } (3) 

_ 1 , • 

Writing vo = C, V ig h we get 7 , a — ~ 3 vi + 2 (3) 

■Giving C, its mean observed* value, ‘825, this makes m = r665 

= while giving - the value '62, as observed for a similar orifice 
^•694 ^ ° m 

without the external tube, it makes C, = '852. The difference between 
this value and '862 is probablj^ due to the loss due to expansion being 
somewhat greater than indicated above. Assuming this loss to ^ given 

by ~ 1 </. Art. 33, and introducing this into equation (2), 

equation (3) becomes 

C." = ■(«» - 2 w + 1 + i- 


while giving C„ and the values '825, and "620, this makes k — 1’26. 

If, in equation (1), we substitute hi (7, V 2 y k = m vq for vi this 
becomes = k (1 — m’ C\‘), > 

and giving C, and m the values ’825 and we have — '768 

This agrees very closely with the observed value of which is 
approximately — ’75 k. 

If then an orifice be made in the mouthpiece, at the vena eontraeta 
(Fig. 63 b),* 8 , tube coupled to this and having its lower end open and in 
water»will support a column of height approximately '75 k. Theoretically, 
this will hol^uutil 75 k = height of the water barometer = 34 feet, i.s., 
84 * 

until h = -^=i 45’4 feet. The effect then of adding the external mouth- 
75 

piece is to reduce the pressure on the discharge side of the orifice, and so 
to increase the effectiifi head, and therefore thi Velocity of discharge. 
For continuity of flow it is essential that the pressure at the vena eontraeta 
should be greater than absolute zero (— 34 feet of water), so that a short 
outlet tube will not run full under a head greater than about 40. feet., 

If a diverging tube be placed at the discharge end of the mouthpiece 
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or ind^d at the outlet from any pipe fed by the mouthpiece, the 
pressure at the vena contracta will, so long as this is greater than the 
absolute zero, be reduced, and, the discharge thereby increased if this 
outlet runs full. 

This follows since.tlie pressure difference at the vena contraeta and at 
the outlet increases with the ratio of the velocities and hence of the areas. 
If however the final area of the tiij)e be*so large that the pressure at Ihe 
vena aniintcia is rodiicod to alisolute zero(— 31 feet of water), continuity 
of motion becomes impussiblo and the diverging tube ceases to run full. 
Even with a moderate ratio of areas the angle of divergence of the s^des 
e (h'ig. Cil b) should not exceed ]()° (Venturi), while the maximum effect 
is obtained with an angle of about (1°, the diameter increasing from 1 to 
1‘8 in a length = 9 diameters. 

The same increased discharge may be obtained, within limits, by the 
substitution of a pai'allel discharge pipe of greater area than the discharge 
orifice. 

Roman law recognised the latter fact, and prohibited theattachmei^of 
pipes of greater diamder than the aperture provided at the reservoirjfor 
a distance of 50 feet. The ])0SBibility of a partial evasion of the law by 
the application of a conical frnstrum at the open end of the pi {)0 was, 
however, not api)arently perceived. 

Sharp-edged Orifice with Converging Mouthpiece. If a conical con¬ 
verging pipe bo fitted external to the orifice, with its larger diameter 
equal to that of the orifice, the coefficients of ve ocity and of discharge at 
exit depend on the angl^ of convergence. 

The following values are taken from experiments hy Castel, and 
indicate that a maxiniuni discharge is to bo obtained when the angle 
of convergence is about 13”"20'. 


Diameter of mouthpiece = 'Cl inches. 


Angle of 
ConTor- 
gence. 

1 

(f’O' 

r"86' 




nr"-2u' 

l-r-4' 

13"‘24' 

14'’-28’ 



Lr-iS' 


49"-0' 

Cu 

•m 

•860 

•h04 

•1)24 

•1)31 

1 •Ih'iO 

: -OSS 

•{)iP2 

•906 

•»7l'‘ 

•971 

j -975 

9S0 

■m 

C 

j -ftan 

1 ‘866 

j -sw. 

•02(1 

j -njo 

1 ‘1138 

•942 

•946 

•941 

•938 

1 -918 

1 -896 

•809 

1 -£47 


' ' Diameter = '787 inches.' 


Angle ot 

Convergenre. 1 

‘‘'’•5(1' I 

f.’"i6' j 

1 6PT.4' 1 

1 Iff’-SD' j 

^ Vi^-10' 1 

1 1 


IR^lfl' ] 

1 

f’(» . 

•9<)6 

•939 

1 -('-w 

I 'DhS ■ 


1 -m 

1 

' -907 

- ‘970 

1 VT# 

. C 

, 919 

■928 

1 -938 

1 *91,'j 

1 ■!)« 

j -956 

1 1)49 1 

1)39 1 

1 
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The jiean of’three experiments* on a large rectangular converging 
mouthpiece njider a head of 9'6 feet gave a value of C='9S1. In this 
mouthpiece,the length was 9‘6 feet; the large end 2‘4 X 8'2 feet; and the 
small end ‘044 X '(523 feSt, opposite face^ enclosing angles respectively of 
ll‘’-38' and 15°-18'. 


Art. 44.— BEiJi-MduTH Orifice. 


Ivor ■=r- 
will "IrT 


With a hell-mouth orifice (Fig. 64 a) having a curvature approximafely 
the same as that of the natural 
stream lines, tho pressure ovej 
the walls of the mouthpiece 
be zero; tho coefficient of con¬ 
traction, unity; and the only 
loss of head, that duo to viscosity. 

Here = 1; = "975 (experi¬ 

mental) ; 

. •. C r= -975 



f 


h 

i 



Fio. (>1. 


Since v = •97.') «/2 y h ; = •9.') h 

. •. loss of energy duo to this type of mouthpiece = "05 h 

— .05 ft. i|)u. per Ih. (a])])roximatcly). 

^ // 

Exfieriments by Wi'ishach indicate that the general proportions of 
such a mouthiiieco should he as shown in Fig. 65, the sides of the mouth¬ 
piece making an angle of 67" with the plane of the orifice at a point 

distant about from that plane. 

Bell-mouth Orifice with Diverging Outlet.— If a diverging pipe be fitted 
to the helf-mouth as shown in’Fig. 64 h, 
so Tong as this jiifie runs full tho 
pressure at \he throat is reduced just as 
at the rciia rovUada in the previous 
forms of moutli^iiece. The effect of tho 
adjutage is therefore to increase tho 
velocity of flow through the throat, and 
hence the discharge. Tho loss of energy 

due to the divergence may be calculated as in tho previous case. 





• “I’racliisil Uydraiilics," Downing, 1861. By LfRi.ina.s8C et Langurdnc 
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Am. 45.— Velocity of Appboaoii. 

Where the surface area of a j'ossel is not so ^large as to allow of the 
velocity of approach of the water to an orihce being neglected, if the 
suffixes (i) and '( 2 ) refer to the surface and to the vena contracta 
respectively, we have 

Putting Pi = 0 and = 0, we have 


I'-i _ Vi^ , 


( 


2 g^ 


(/i = head over orifice) 


Vi 


■ 2 gh + v;K 


Here «’i is the velofcity of ajiproach. 

In words, the kinetic energy at efflux is equivalent to the potential 
energy at tho surface, together with the kinetic energy due to the velocity 
of approach. 

The statical head which would give tho same velocity of efflux is now 


II 


=[‘+S] 


: h + h'. 


So that the effect of the velocity of ajiproach in increasing the outflow is 


theoretically the same as that of an additional head h' where h' = 

0' 

If *v he the ratio of the vena contracta and surface areas, we have 
A 

Vi = va-^, 


2 ? 


Vi’ 


n 11 2 <( “ — 2 g h 

:2gk+rs“-^2-— „2 


1 - 


A 2 


i,e., the effective head is increased in the ratio 


1 - 


The discharge is therefore increased in the ratio 

- (approximately). 




1- 
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Art. 46. 

Time of emptying a Vessel through a small, freely discharging Orifice.— 
(1) Suppose the surface Vea A of the Vessel to be uniform and large 
compared with the area a of the orifice. • 

Let V = velocity of efflux at any instant, and h the height of free 
surface above ths vena contracta the same instant. 

Now assuming that v = (■„ s/ ‘2, (/ /;,• weliave, since 
velocity of fall of surface _ a. 


f, that 


velocity of efflux 

-‘Ui-C VWh 
dt~ .1 


(11 


velocity of surface 

Integrating between any two limits of height hi and h^ wc get the time 
— <1 = t, necessary to lower the surface through the distance hi — hi. 


( 2 ) 


6 ^ ^ y • f = 2 


« = 


2.4 


( hi^ - 

- 1 — /ia^l 


( 8 ) 


W 2 ff 

If C be the coefficient of discharge for the orifice the time will then "be 


given by 


t = 


2 A 


C a ^ ‘i g 


Ih 




( 4 ) 


Exami-IiE. 

With Borda’s mouthpiece running freely 






. '51 ? V 2 y 

Tigie of emptying a Eeservoir of varying Cross-section, by small freely 
discharging Orifice.—Here A is no longer constant but will be a functio.n 
of h, so that equation (1) 

_ -JTgh ' 

d t A 

may be integrated if A is an integrable function#ofili. 


Example I. 

Eeservoir with uniformly varying cross-sectional Area.- 
of reservoir at the orifice. 


-Let H = area 
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Then A = k(I) -{■ h), 



Where C = coefficient of diech&rge. 


Example II. 

I 

* Hemispherical Bowl- Eadius r—emptied through Hole in the Bottom. 
Here A = T! {r^ — (r — — tt {/»“ — 2 / li j 



■ n J 2 !i 

AVhere the lower jiniit of lieiglit is less limn iiboiil four times the 

diameter of the orifice, a vortex, 
with an air core, is usually formed, 
with the effect that the area of 
discharge is I'educed (Art. ;18). . 

Time of Discharge from a Sub¬ 
merged Orifice.-It two vessels 
iphose surface areas ar^ and Ai 
(Fig. 66) are connected Jiy an 
orifice of area a, acid if at any 
instant Ih and Hi are the heights 
of their free surfaces above the 
level of the orifice, we have, neglecting viscosity, and as'suming 

0 a: x/ 2 ij {III — Hi) = H h 

Velocity of surface di = r . ; velocity of da = u ?- 

-'*1 ' da 



KlO. 66 . 




dh 
,l t 


= C si h ■ tt 


I 1 
I d, 
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j. ?... 

where C = coefficient of tfischiirge. 

Where the upper surface remains at the same level we have the state 

of affairs which holds during the tilling of a canal lock through a sub- 

merged'orifice in the lock gate. Tlie "I’P'-r surface is in effect now of 

infinite area, so that putting .-li = oo in etfuation (1), we get the time of 

filling the lock. " 

* 2 1 .,/'- 

^= -r o- ^ 

(. a s/ 2 // 

With submerged orifices the vaVie of C is about 'Ol, diminishing slightly 
with an increase in the effective head III — 11^. 


Abt. 47.—Foem of Jet. 

Where a jet issues from ati orifice in the horizontal base of a vessel, 
its sectional area gradually diminislu^ as the velocity increas(!S, until it 
finally breaks up into a series of detached droi)B. With a circular orifice 
this is the most noticeable feature. With any other form of orifice, 
however, the jet after escai)ing suffers a continuous change in the form 
of its cross section. This is due to the effect of the tension of its’surface 
film, which tends in the first place to bring the jet into the circular 
form. The inertia of the particles of water causes this effect to be 
slightly overdone, so that a continual alteration and realteration of 
section takes place, the jet finally- if sufficiently large in diameter and of 
sufficient height-settling down into a circular section. The action is 
periodic and approximately isochronous, and consequently with a steady 
jet the section at any fixed point is constant. 

Where a jet escapes from an orifice in the vortical side of a vessel 
a second disjjUrbing factor now affects its form, for since the velocities 
of efflux at points,on a vertical diameter of the orifice increase with the 
depth, the trajectories of any two particles situated in the same vertical 
plane will intersect if produced. 

This has the effect jjf narrowing the jet in the direction of its depth, 
and, by the consequent impact of particles, causing it to become wider in 
a horizontal direction. Surface tension prevents dispersion of the stream, 
and brings the diverging particles back towards the axis of the jet and in 
a horizontal plane. The consequent imp.ict causes the jet to become 
narrower in a horizontal direction and increases its depth, and a continual 
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■snoceBsion of such reactions produces a continual state oPchange pf section 
along its lengtL. The action is periodic and approximat^y isochronous, 
and consequently, with a steadjr jet, the points at which the.cross section 
is of the same general shape as the orifice *are relatively stationary. 
With a circular (frifice, the section varies from an ellipse with major axis 
horizontal near the rma, contracta to the same with major axis vertical. 
With a polygonal orifice of n sides the section ultimately becomes a star 
of n points, these points hoViiig thickened extremities. The angular 
pffints either coincide in direction with those of the orifice or intersect 

a corresponding face, 
always being sym¬ 
metrical with respect to 
the orifice. Fig. 67 
illustrates the general 
form taken by the jet 
from a triangular, 
square, or circular 
orifice, the upper sec¬ 
tion in each case being 
at, and the kecond 
slightly past the vena 
conlracla, and the lower 
giving the star form 
assumed by the jet.* 
Fig. 68 shows the 
form taken by a stream 
The effect of the impact 
The cross sections at 




Pi 




FlOi^T 


issuing from a sharp-edged rectangular notch, 
of converging particles is here strongly marked, 
various points on the jet are indicated in the figure, 


• Examples. 

(1) A circular orifice 1 square inch in area is made in the vertical side 

of a large tank. If the jet fall vertically through 1| feet while moving 
horizontally through 5 feet, at the same time discharging 16 gallons per 
minute, determine tljo horizontal force on the ta*k. ' 

.. Answer. 1'286 lbs. 

(2) If the tank of the preceding example is suspended from knife edges , 

» For further infoimiitior. a paper by lord Kayleigh (“Proceedings, Boya! Sooiet#* (■> 
to). 71) should be consulted. 
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S feet abjve the level of the orifice, and if, when the head of water in the 
tank is 4 feet,^the discharge is 206 lbs. per minute, while a weight of 
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8‘36 lbs., with*h, horizontal leverage of 1 foot, is required to keep the tank 
vertical, determine tfie coefficients of velocity, contraction, and discharge. 

Answer. 6\ = -98; C\ = '638; C - -626. 

(3) A boat, having jej propulsion, moves at nples per hour. The 
water leaves the nozzles with a relative velocity of 40 feet^^per second. If 
1,600 lbs. per second are passed through the pumps, determine the pro¬ 
pelling force on the vessel. 

Answer. 1,180 lbs. 


CHAPTER VI. 


Lftr;»e Ori*'.<,ps—Rectangular Orifice—Circular Orifice—Submerged and partially submerged 
Orific(i«-Law of Comparison for Orifices—ainl Weirs-Th(*orefical K»rmulae— 
lioiissinestj’s Theory—Kxperirneiyal Acsults and l''ormulae—Kmiicis—Hazin—Kteley and 
Stcanis-Jlnmilton Smith—Iridinalion of Weir Kace (’linkingNappe—TriangiilurNotch 
—Trapezoidal Weir Submerged Weirs BrowLcreated Weirs—Measurement b^ Weirs— 
Time ui Discliarge over Weirs. ‘ 


AiiT. 48.—L.^noi Obipices. 

WnliBE an orifice is large, except where formed in the horizontal base 
of a vess(!l the a.ssumption that the mean,velocity over its whole area is 
sensilily equal to that at its centre of area is no longer true, and it ' 
becomes necessary to lake account of the variation of velocity at different 
depths in its phuie. As in the case of a small orifice u vena coniraeta is 
formed of approximately the same sectional shape as the orifice, and 
depending for its magiiiliide on the sha 2 )e, dimensions, and liead above 
the latter, and on the circumstances governing the formation of stream 
lines in the approaching vein. 

In ffhe usual theoretical discussion of the flow from such an orifice the 
two fundamental assumptions on which the theory is baaed are themselves 
false and quite misloadm^,and while the results obtained are not without 
value as forming the l(Ksis of useful empirical formulae, the treatment 
cannot be looked upon as scientific. 

‘ Briefly outlined, the method consists in assuming that at all points'at 
the same dei»th in the ifiane of an orifice the velocity of efflux is the same, 
being that corresponding to thahoad of water above the point, and tlnu 
the direction of flow at each point is \)erpeudioular to the ‘plane of the 
•orifice. * 

Calculating, the discharge over a small element^S a of*the area, t.e., 
ij %gh .ha and summing such discharges over the eletpents which go to 
make up the whole area, gives wliat is termed the tlPeoretical discharge 
y V 2 p ft . S o, a»d«this, when multiplied by an empirical cohstant 

termed the coefficient of discharge, gives the true discharge. 

Fig. 63, which indicates roughly how the velocity at,the orifice 
varies at different points in the cross section, sufficiently shows the error 
involved in the first, while a consideration of the stream line formatiw 
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* * 

shows ^he error of tho second assumption. Fig. 69 indicates how 
the velocity Dejrpendicular to the orifice varies, and how it differs from the 
theoretical velocity i>J 'Z g h, as given hy the horizontal ordinates of the 
parabola m n q. Here tHb actual velocity* is represented in elevation and 
plan by the corresponding ordi¬ 
nates of the curves ach, and a' 


The solid represented in plan 
and elevation by the shaded areas 
win then represent to scale tho 
volume discharged per second; 
while the solid bounded by tfle 
plain! of the orifice; the per¬ 
pendiculars an, hq, a' p', a" p"; 
and the curved surface of tho 
parabola, represented by n p q, 
will represent to the same scale 
the theoretical discharge. Tli.i 
ratio of these volumes thus gives 
the coefficient of discharge. 

In spite of the recognised 
fallacies embodied in the method 
of treatment outlined above, the 
difficulties eucountei'ed in a 
rigorous treatment are so many 
and the results obtained so 
cumbrous, that we are still com¬ 
pelled to fall back on the more j I 
simple, though inaccurate, formu- 11 
lae, together with these expeai- 
mentaJly deduced coefficients. 

The assum^itions, however, become more rational if the state of affairs 
at the vena coutmfta be considered instead of at tho orifice. Here we 
may assume wifh.some reason that the flow is everywhere perpendicular 
to the cross section of the stream, and that the pressure throughout is 
sensibly uniform and e^al to that of the atmospiiefe, so that, except for 
the retarding effect of the atmosphere at the boundaries; the velocity at 
any point in this section, at a depth h, below the free surface in the 
vessel, is sensibly equal to Zg h. The more important cases of flow 
will now be considered on this assumption. 
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Am. 49.— Lamb Vbktical Rectanoubar Ouifiob, NEOLBcriNo 
Velocfty of Ai’I'Roacii. 

‘ . 

Let //' = height of free surhice iiliove top of vem cmilracla. 

„ = broaJlth of orifice. 

I «’ = depth ,, 



= breadth of vemt coiitLacla'i 

* V 

= deiith „ „ ) 


aa.4umed to l)e a rectangle. 




Consider the flow over any element of tho vem cmiinieta at a depth y 
below the friie surface, and having an area b' h y (P’ig. 70). 

Tho velocity at this depth = C ,J 2 y y feet per second. 

Flow over this area per secoriH = (', h' S // V ,'/’/> c.f. 
Integrating this expression, and giving y the limits //' + <l' atid II' 


we get the flow over the whole area. 

/ ir + d' * II’ + d’ 

*• 11 ’ » 


= I C, h' V 2I {W + dif - (1) 

The difficulty of obtaining accurate measureinents of I', II’ and d' now 
arises, since these vary with, but do not bear a fixed ratio to b, If, and d, 
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while ex^erimentiil evidence as to the precise nature oi the variation is 
waiilin". Thwhast way out of the dilliculty appears to he lo write 

* • //[(//'-f. ,/V -//’■-'! 

r = (>, ■ V - -- ■ , -- 

I, j (// + ,/)■- - II- . 

where IJ -= depth of tojj of orili^a! below the friic surface. This then 
^;ivos us ' • 

Q = y j (// + '1'^ - //'I (2) 

TTic reason for this suhstitnlion is that the value of C in this formula 
has heen diitormined with sonic Ticciiracy for various types of orifice and 
for different heads. . 

Eonnnla (2) is that obtained hy the inaccurate iirocess of reasoning 
outlined at the heginning of this article, tor, assinning that tho flow 
through any clement h S y of the orifice is tho same as that through the 

corresponding element of the rena contractu of area // ^ • 8 ?/, and that 

this flow is therefore given by (' h B y V 2 y y, wliere C has the same 
value for each olemont, and thoroforo for tho wliide area, we have 


/ " + '' 

(’ b V ‘I y j V 1/ . (/ ?/ 

J n ' 

.j. .. .'o,, + _7/iJ 

C /inparing this with the simple formula 


<' b V 

"h_ 

V = C b il \/ 2 y ^ 


II 


+ 7 


obtained by considering the head over the section as sensibly equal to 
that at its *',cntroid, we see thai the two values of Q are in the ratio 

^ (//+ values of 11 gi eatcr than the difference 

^ dVjf + 'i . ^ 

2 


amounts to less than TO jier cent., so that for all larger values of JI, the 
simpler formula is to he«prcferred. , , 

Tho velocity of approach may he taken into account by .increasing the 
head by an amount h as explained on p. 120 , thus making tho effective 
head = 77 + h. 


Then C 6 V 2 ^ [ (77 + ft + d)^ - (77 + /t)^] 




H.A. 
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As is dear from the expression assumed above for tlio'value of C, t’nis 
is not a wnst.int, but varies Iwtli with tlie depth of tlie water and with 
the dimensions ot the oriliee, anjl can only he determined l)y '!X|ieriment. 

Witli sharp-edged orifices, and a fre(^ disdiarg(! into air, tins values of 
C for a square opiiniug arc very approximately as given below (Hamilton 
Smith). 


, 


u[ Mill't 

! SijllillV 111 fl'Ol. 


Hoail aliDvc (rnho 





of oritico 111 left. 

•40 

•GO 

- 

•SO 

1-0 

' -6 

•fiOl 

•51)8 


_ 

1-0 

•oo:i 

•GOl 

•GOO 

•51)1) 

h-o 

. -(iO.l 

•004 

•Go;j 

•GOO 

f)-0 

■fiOl 

•GOli 

•Gi)-2 

•(i02 

lo-o 

■fiOfl 

•G02 

•(hrj 

•GOl 

200 

•fioi 

•GOl 

•GOl 

•GOO 

1000 

•51)8 

•51)8 

•51)8 

•."118 


For vertical rectangular orifices the value of G varies with the ratio of 
the wioth h to tlie depth d. 

The following table gives the value of the eocflident for orillee.-, 1 foot 
wide:— 

¥ 


Tloail ill foot 



Valui-s of <] in ftr(. 



of onlicc. 

1 

H 

i 



1-0 

1*5 

2-0 

1-0 

•0.32 

•682 

•618 

•612 

•(iOG 

•626 

( —— 

3-0 

•G27 

•627 

•615 

•610 

•G05 

•G!4 

•61!) 

6-0 

•615 

•615 

•601) 

•604 

•G02 

•fiOfi 

•610 

100 

•GOG 

•603 

•601 

•GOl 

•601 

•fiOl 

•602 

20-0 

■C02 

■601 

•601 

•601 

•601 

•601 

•602 


Art. 50.—Flow tiiuouqu a CTroulmi Orifice. 

Let II = depth of centre of orifice (Fig. 71). 

„ R — radius of orifice. 

„ r = „ „ vem cuntracta. 
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Theti tho area of an olonientiuy strip taken in tlio mia contract,t at a 
distance // fr(»n the centre, as shown, is ‘2 x ei //. 

The head over tlu; eleyiont = // — 

Flow over this (deni oit = X 2 x S y 

S V — '-t.'/ X v' (/■" — //-) (II — //) S )/. 

For.convenienee in inteoratinx', expand V Jl — y hy tiie Binomia; 
Theorem, i.c., put » , 


\/ // - // = V II \ \ ~ s'u 1 - 

II 1 2 II 


H II 


, I- — etc. 


=•1 


^since (1 — .r)" = It— « ^ ' 

Now put (/ r eos 0. 

Then — — r sin 0. 

a o 

. 8 !i ~ — r sill 0 8 0, 

and V — yy-i = V /■2 (^1 — 

— r sin 0. 

So that £ G = 2 V 2 ;i U j — sin'-’ 0 
f T c’os 0 eos''' 0 , , \ 1 ^ . 

Integrating this expression and giving 
0 tho limits n ,ind o, since these are the 
values of $ corres)) uidiiig to tiie values 
4 r of;(/, we get, on introdueing C„ the 
total flow y over the whole section. 

'j7 


II 


ete.j 



(J = 2C,V‘2:i II 


r^sui‘‘‘0^ 

( 


r eos ft r^cnK^0 
' 2 ; 

1 


■2 JI 8 ir^ 


,10 


+ 


— etc. ■ 


the succeeding terins being negligihle. 

If C be the eciefficiont of discharg(3 for the oriiice, then since C = 
n . 

we may write • , t 

0 = cw.-V2,,j/1i-A^,|'' . 

As in the case of a rectangular orifice, the coefficient in general 
decreases as the orifice increases and also as the head increases. 

K 2 


182 


IIYDIIAULICS rA'ND ITS APPLICATIONS 


The following tible gives the approximate values of C for circular 
orifices (Hamilton Smith):— 


Holul nlxivc mihu 
of onlice (rcul ). 

liiiiiiiotcr o£ onliro in feot. 

O 


•80 

1-0 

-1- 1 

1-0 

•507 

•505 

•508 

•501 

2'0 

■500 

•507 

•50(1 

•505 . 

4-0 


•507 

•507 

■50(1 

t)-0 

•508 

•507 

•50(1 

•50(1 

10-0 

•507 

•50(1 

■50(1 

•505 

20'0 

•50() 

•500 

•505 

•501 

lOO'O 

•502 

•502 

•502 

1 -502 


Art. 51 .—boBMERonn Ouifioes. 

If the water level on the discharge side is above the higbe.st iioint of 
the opening we get a submerged orilice. 

Let lit = depth of water above upper odg(^ of orilice on the incoming 
side, in feet. 

Let Hi — similar depth on discharge side. 

Then the effective dej)tli at all points in the orifice is the same, viz., 
Ill - Ih (p. 108). ' 

Theoretical velocity of efflux = (lIi — Hi) ft. soc. 

•••. Quantity per second through orifice = C A Vi ij V Ih — Ih, 
^where A is the area of the orifice. 

Taking into account the velocity of approach, vi, the effective head will 

now be Hi + h - Hi feet, where h = ^ , and the discharge will be 

a g : 

giveti by 

Q = C A V ig V Hi + h — Hi cub. ft. sec. 

The value of C for a submerged orifice may be taken as being about 
1 per cent, less than its value for the same orifice under the same effective 
head, and when discharging freely into air. 

, Ilanhirg Broivn^ gives the following as being approximate values of 
C for sluices and regulator openings in masonry piers:— 

* “ Irrigation," Constable it Qt)., London, 1907, 
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()|dinary lock Bluicis.C = '62 

Small i^gulator openings willi sliallow water . . „ '57 

Hegu^itor openings up to (i feet wide with recessosl 

• ii • # ^ I )) 0 ^ 

111 the piers.J 

Ditto hetvvecai () feet and RMcot wide . . t . „ '72 

Ditto above 13 feel wide.. ’112 


Regulator openings up to fitet wide with straiglilj^ 
and continuous piers . . ’ •. . . ) ” 

Ditto betw’cen () feet and 13 feet wide.•S2» 

Ditto above 13 feet wide.„ did 

A series of experiments' on a submerged orillee 4 feed square through 
a wooden bulkhead 3'7r) inebe's thick, witli various forms of entry, gave 


the following values of ( 








► 

V.'iliies of C. 


Kdrin 

i)f ciitiaiice. 

Jla.\. 

Mill. 1 

i Mojin. 


Square corners . 


■(125 

■(\or, 

•01 

a 

(Contraction sup¬ 

on bottom . 

■(Kir, 

•C'd.') 

•04 


pressed by means 

! 


% 


>> i 

of guides curved 
to arcs of elli]).scs, 

„ „ and one side 

•73.'; 

•07.'; 

•09 

c 

so as to gradually j 
divert the incom¬ 

„ „ and two sides 

•82,'; 

•7.';7 

•78 

<1 : 

ing stream . > 

on all four sides . 


•!)!!» 

•95 

In every case tlu! minimum value of C was (ditained 

with a mean 


velocity o< How ranging from 1’9 tr) 2'3 feet jier sec., tlie velocities of flow 
ranging from approximately DO to Id) fuel i)cr sec. 

Tlie exp(%imentH were extended by the addition of tubes of lengths 
'02, D25, 2‘50, IDO, lO’O, and IDO feet on lb(! discharge side of the 
orilic(!s, and the curves of Dig. 72 denote to what (ixlenl these alfucted 
the discharge. 

For the tubes haviflg square corners at the c^itt’ance, the coc^ffieient of 
discharge increases at first almost direclly as the leiigtlnof tube increases, 
then at a gradually decreasing rate until thii length “L” of the tube 
becomes between 3 and 3'5 times the side of the square. For lengths 


^ “Bulletin of the University of WiBconsiii,*’ No. 2U>. KngineeiinK Series, vol. 4. No, 4. 
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loss than about p feet 
observations , showed an 
upsLreain CMirrqnt located 
at *tbe upper side of the 
tube, this reducing the 
effective discharge ai-ea. 
This effect was foiHid to 
lifcoine less inarked as 
the velocity was increased. 
J'k)r greater lengths of out- 
lot tube tbi.s current was 
absent, and the conditions 
permitted the formation of 
a I'egion of less than 
norniai ]ire.ssure at the 
xma. cmitractii (p. 117) If 
a repro.sents the number 
of sides on which the coii- 
traclioii is su])pr(;hsed, the 
following relationships give 
the. minimum values of 
(' within about 2 per 
cent.:— 

b'or L l> ^ O-l: 

C = -OOr) + -019 )i\ 


For L-^ l>~ !!-0; C = -780 + 'OOSS ii\ 



Partially Submerged Orifice (Fig. 79 
Here the portion of the orifice I in, 
below tiie normal water level on the 
discharge side, may bo considered as 
a submerged orifice, while the portion 
I; I above this level may be looked upon 
as dischargftig freely into air, the 
((uantity passing; each portion being 
calculated separately on these assump¬ 
tions. 

Thus in a rectangular orifice of 
breadth b and depth d, haying a head 


of water on the supply side b= II above 


Fia, 73. 
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thn toj of thf! orifice, with free discharge over a deptli (h, and 
suljinerged o-jor tiie remainder da of its depth we have 

Discharge over deptU ili — (,h = ^- (^ V a <j | + d\) ^ | 

„ „ ,, ih = Va = (.'ih da V '1 ij {II -p di)"' 

Tolal dibcliaige (J = (Ji -)- Q., = 5 v/ 2 ;/ 

<-\ J (// + d,)'-' - // I -P da (a (// + di)"] 

If Ti — C we get 

5 V 2 ;/ [(// + d,)" I .^ (// + d,) + da } - 7/^'] 

If/( = ihe liead eipiivalent to ttie velocity of ap|)roach, the formula 
becomes 

(7/ -f- d| + /i) ■ |- (77 + r/^+ h) + da ' 

Q - C I, V ■> ;i 

- ( 77 + //)"• 

The diili(•llll^ ill exactly esliiiiatiiig di and il-i. and the nndnlatory 
niolion of the .siirliice wliicli is usually found in a partially snbnierged 
orifice, renders Ibis a most nnsadisfactory nietbod of estimating the flow 
of a stream. 

Tbe coef'licieiits so far given only apply where the jet is wholly sub¬ 
merged or where discbarge talics place freely into the air. If the issuing 
stream, inslead of sjiriiiging clear of the orifice adheres to its face, the 
formation of a true, reiii.i (■<iiiliacl((, is pievenled and we have an abnormal 
increase in (J. Thus if the jet is discbarging freely into air, and if the 
linel on the discbarge side is allowed to rise, at some ])oiiit before tbe 
level reaches fhaf of the notch sill the discbarge ceases to be free and a 
sudden increase in the value of (' results. As da increases, (! resumes 
its normal value. 

From a sigentific point of view the above treatment, due to Dubuat, is 
not satisfactory. ,A rational treatment W'ould reipiiie to taKe into 
account tbe distribution of jiressures and velocities in tbe issuing stream, 
and from tbe naiiire of tbe case would lead to results too cumbersome for 
practical application. - 

Airr. 52 .—Law ov Cmipaiiison con OiiiFfchs. 

Similar orifices are such as may be represented by the same drawing 
to different scales. If similarly situated, the free wate.r surface will be 
represented by the same line, whatever the scale of the drawing. 
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If the sciilo I'lilio for uiiy Iwo orifices, i.e., the ratio/of any 
two correspondiiifT linear dimensions, is S, the ratio oi the areas of 
correspondiiiR elements of the orifices will he .S'-*, while,if similarly 
situated with respts't to the water surface, tlndr dejiths are proportional 
to S. 


That the value of C may he expect('d to he very approximately 
the siinie for two such similar orifices was shown hy Professor 
James Thomson' in a discussion of which the following is a brief 
r?iiime. 

Consider two similar and similarly situated i>articl(‘s of lliiid (1) 
iuid {'i). The musses of tluisi! and their weights are in tho ratio of their 
volumes, so that we have »■, = S"' ii^. 

Now'if thes(! particles are to trace out ])aths which shall he similar, all 
corresponding forces acting upon them niusl have tho same ratio, and it 
follows that this ratio must he the ratio of their weights since this is 
fixed. A])art from the forces due to the statical pressui'c ccirresp >,iding 
to tlu! depth of th(! particle, which are lu'oportiojjal to it*- depth 
multipli(sl hy its ansa, and thiuadore follow the reipiired law. iiu- only 
other forces are those due to centrifugal action and to the elfect of 
viscosity. Neglc.cting the latter,'^ and terming ]■' the cenlrifugarfurce, 
we have 

- ’'A. =,v:' '''“/'-'d.V' 

L'a, I'l ■ ll•■2 ‘ ■ /'i V Cj / 

But if the paths rif the jiarticles an* similar, I'j = S /'.j. 



It follows as a necessary condition that 




= S and Ihis condition 


will evideidJy ho fulfilled if (-’M = i.e., if ' 2 <//(, and if all 

V r.2 J l;.2 • , 

corresponding jtarticles are similarly situated xvith resjiect to thg fre.e 
surface. In such a case, the paths of all corresponding pri ticles being 
similar, the contractions of the two jets will also he similar and tho 
values of (' will hocome identical. A simple ratio thus connects tho 
relative, discharge of tlu' two orifices. 

* “ IJriliwli AssiH'ialKni IJrpnil.” I87<I, p, 241^ 

« «' (J r 

* SiiuT the foivo ialHMliicrfl hy visrosily " /u per unit area, we have, if Z' is this force, 

(fn, • ^ • '''' ■ ,S-] ■'Ctlial (S)^. Viscosity 

thclvfitro lehtls (itpictetil exael sjinilarily of lUtw, iinless 
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ExAMrr.E. 

In two tnnii^iilar nolc’li(!S liaviiig the same valno of we Imvo two 
similar and similarly sitiiahal orilicea, so that = i 

(.' a \ 14 / ■ 

Arir. hd.—F low oy!!! Notoiihs ani) Weirs. 

Where the free surfaci' on tlie sujijdy'side is helow the level of the 
upper ed^(f of an oiiliee, tljis is termeil a notch, ami, if of large dinieh- 
sioiis, a weir. 

The theoretical treatimait for^ Jluw oyer such notches follows e.\actly 
similar lines to that for flow 
through large orilices, and is 
suhject to the same erroiuious 
assumptions. The errors in¬ 
volved in assuming that the 
velocity of elllux i>er|)(!ndicul;ir 
to the jdanc of the notch, at the 
notch, at any dejith li, is projxir- 
tional to V i'(j li, is indicated in 
Fig. 74, whore the horizontal 
ordinates of the parabola in 11 q 
show the tlw'oretical velocity at 
any depth helow the free surface 
of the still water at H, while the 
ordinates of the eiirvi! a n c b 
deiiote the actual vcdocities in 
this direction in the plane ol the notch. I'he coeflicii'iit of discharge will 
then he equal to the ratio of the volumes represented in elevation bv the 
shaded area* a 11 c h and the area h 11 q h. 

The*facl that owing to the curvature of the stream lines the pressure 
over a cross section is nowhere uniform, renders a rigorous treatment 
impossible, and j:he next host method is to consider the state of affairs in 
the plane of the notch. 

An examination of the contour of the escaping stream shows that in 
the plane of the notch its upper surface is lower tfian the free surface 
at a iioint a short distance up-stream where the motion is‘steady. 

This fall from s to a (Fig. 74) is essential if the surface filaments are to 
have the required velocity of efflux at the notch, and since their motion 
IS approximately perpendicular to the plane of the orifice and is unaffected 
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save l)y the resistance of the air, tlieir velocity may ho taken ns# sensibly 
equal to VH ij (a vi) = V il </ //' (Fi}?. • 

In I'eneriil 7/' is a|)])roxiiii 4 i,loly esiiial to •'^1 II, where J[ = lieight 
of water iiHiasiinid to still wate.r level, above the crcist of the notch or 
weir, so tlail (//'— 77') = depth of water at crest in feet. 


Aar. 51 .—Tiihokbticai- Pokmulae roii Plow ovp.u Weiiss. 


Rectangular Weirs (Pig. 75).—Let h — leiig 


of weir in feet. 

* 

Consider the flow 
across iiny element of 
arsiii h S.r, in the, ]ilane 
of the weir, at a depth 
. 1 ' below the still water 
sni'faet! of the supply. 

Tile volume passing 
this element pi.r se.cond 
= h(,)-C'I,'6.1 Viifx 
cub. ft. per sec. 

luti'grating this ox- 
]n'ession and giving x 
the upper and lower limits 77 and 77', and assuming thal <■’ has the same 
value for each element, we have 

Q = C’ h sfTn 17/ ^ - ir- I cub. ft. per sec. (1) 



The value of this foellicient (!' has not been exjieriiuenlally determined, 

so that the formula in its present form cannot be applieil W determine 

the discharge in any practical case. If, however, we write 

I 1 1 f 

(" l77--77'-J =C'77l 

the foi'inula, becomes ' 

o 

Q = C h // 77“ cub. ft. per sec. • (2) 


and the value of this coefficient is known with fair accuracy for different 

^ ^ 11 

values of 11. 

P’ormula (2)'niay be deduced with less reason by assuming the depth 
of water in the plane of the notch to be 77, i.c., neglecting the fall from 
still water level, and assuming thal the velocity of the surfaco filaments 
is zero, and therefore by integrating the expression B Q = C b''h x s/x 
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between l^ie limits 11 and 0. It misbt also be deduced from equation (2) 
of p. 129 by writing // = 0 ; <1 = 11. 

The value (^f in addition to varying with the breadth and depth of 
the weir, varies largely with its position with respect to the suhis and 
bottom of the approach channel. Where the sides of tliio channel are so 
far removed as not to alTeet the contraction of section at either side of the 
weir, this is said to have two end ciiiitractious, while where the channel 
is of the same breadth as the weir, the lattei*has no end contractions, and 
is termed a iS'iyqovs.svd 1) Vir. The ItoUom contraction is also alTiaded by tin’ 
nearness of the sill of the weir to the bottom of the channel of aiiproach 
and by the inclination of the weir face. 

Where the “nappe " or falling slieet 
of water, comes into contact with the 
top or down-stream face of the weir, 
as shown in Digs. 80 and 88, a further 
and in general irregular variation 
takes jdace in C. In what immedi¬ 
ately follows, otily those weirs will bo 
considered in which the nappe, springs 
clear of the crest and discharges freely 
into the air, the crest being vertical, 
narrow in cojjiparison with the bead, 
and having a sharji upstream edge. 

Boussinesq's Theory. - A theoretical treatment of the flow over a 
Riil)pressed weir, which is of much interest, is duo to Baimmesq. 

Tjct II — depth above sill. 

,, a be the amount by which the iirched undew side of the vein rises 
above tins sill. (Assumed, and verilied by Bazin, to be a definite fraction 
(•18) of 77 ) (Fig. 76). 

At the vm-lical section, at whiclt a is a ma.ximum, lot d be the vertical 
thickn<^R of the vein. 

Jf we assumf that, over this section, the stream lines are ])ortiona of 
concentric circles and are normal to tlur section, and also assume that 
there is no loss'of energy up to this section wo have the conditions 
obtaining in free vortex flow and as in that case', if r is the radius of 
curvature of any stream ^ne, v r is constant. 

Oonsider any filament, x alxrve the sill, of velocity v, aifd radius r. 

Let = vel. at A ; = vel. at B. 

Then V, = ;v=j2y (iT^a ). 



FlO. 7(). 
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« 

••• / J -2 7 (II -a) . —, fdx 

. =h J '1 ;/ (II — a). r„ log 

a 

Let r„ = n a 

Thtin 0 = I) V^2 ji (II —,(()*• V <l tog ^ 1 
And sinw ( 


_ / <■„ \ ^ // - « 

V c,, / II — (t — d 

■■■ 

But for iiomiiiiKJiieo of rhi'mic tins flow will adjust iisolf until tliu dis¬ 
charge is aiiiaximum, and in this case-r" = o. 

d n 

On diiTerentiating “ tliis gives fj ”')'!= log, f I + 

o a ] \ III 

or « = -8814 ^log (1 + ) =-T58 i) 

- . ,1-1 /o i •881'1 X 2-7(i28, 

.. Q — 1' V di(i(II a) I (1'8814)'^ J ^ 


b V2 ,1 7/li 1 ■ 


fl ' 1:1 


X -522. 


V 1— //{ 

Taking a-^ H — ■11! this hecoiiUiS 

Q = • 4 - 2 ;! b J ill I A 
= ;!•;!!) b lii 

a valiK! in very close agreement yith results (;\pei-iiuentally^. 

I ( Y 7 ” 'V- _ ~ " 

\ 7 (1 / \ /I ) // — II — ii 

il - (If-a) j 1 ■ 


a 

r 


11 I 
- ))■'(■ 

'L? - A r" / _ 1Y 1 1 „ 7i 4- ’y 

In' L [n + 1 )“ ” + 11 I>‘ / "" \ »/ 


ni ,1 I -I ' > 

i (» + ))•'[• 


j(» +1")^(I»-I If-” (2^+ 111 1 

I ' ' (n + 11* . " ’ 1 I 


/. 2«+1 =Ios; ^1 I -j(» + 1) (4 )i + 1)-2«(2 tt + l)|. 
=( 3 «-I- 1 ) lop (i+-y 
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between Itie limits 77 mid 0. It might also be deduced from equation (2) 
of p. 129 by wriiug 7/ = 0 ; d — II. 

The value C, in addition to varying with the breadth and deiitli of 
the weir, varies largely with its position with resjiort to the sides and 
bottom of the approach channel. Where the sides of this channel are so 
far removed as not to alTcct the contraction of sectional either side of the 
weir, thi.*i is said to have two end ci^nlractionH, while where the channel 
is of the same breadth as the weir, the laltei*has no end contractions, and 
is termed a kVapprmed H Vir. The iHittom contraction is ahso alTected by thi' 
nearness of the sill of the weir to the bottom of the cbaunel of approach 
and by the inclination of the weir face. 

Where the “nappe,” or falling slieet 
of water, comes into contact with the 
top or down-stream face of the weir, 
as shown in Digs. 80 and 88, a further 
and in general irregular variation 
takes place in C. In what imniodi- 
ately follows, otdy tho.so weirs will be 
considered in which the najijie, springs 
clear of the crest and dischai'ges freely 
into the air, the crest being vertical, 
narrow in conipari.son with the head, 
and having a shaiqi upstream edge. 

Boussinesq’s Theory. - A theoretical treatment of the flow over a 
suppressed weir, which is id' much intei'est, is duo to Baiin/nnesq. 

Ijot 77 =: depth above sill. 

,, a be the amount by which the arched under side of the vein rises 
above the sill. (Assumed, and verified by Bazin, to be a definite fraction 
(■18) of 77) (Fig. 76). 

At the vertical section, at wliiclt u is a maximum, let d be the vertical 
thicknrtis of the vein. 

If we a.ssLimf that, over this section, the stream lines are ])ortiona of 
concentric circles ami are normal to the section, and also assume that 
there is no loss'of energy up to this section we have the conditions 
obtaining in free vortex flow and as in that case, if r is the radius of 
curvature of any stream ^ne, r r is constant. 

Consider any filament, .v alwve the sill, of velocity v, aifd radius r. 

Let v„ = vel. at A ; v,, = vel. at B. 

Then v„= J — v= J 'i <j {Tl — a). 
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This end contraction evidently diminishes the discharge by fn amount 
which is constant for a given depth, and it is reasonable to assume that it 
therefore diminishes the effective breadth of the notch by an amount 
which is also constant for a, given depth, and which depends only on the 
depth. The la'.v of its variation with the depth has not been accurately 
determined, but it was assumed, as appears to be appi'oxiniately true, that 
the diminution in effective lenj'th iti directly pro)>ortional to the depth 
and that the effective lengtlfis therefore eipial to (h — ii k 11) where n is 
•the nuinher of contractions and k is a constant to be determined 
experimentally. Francis then assumed (though not on thiioretical 
grounds) that the discharge from notches of ecpial effective length varies 
according to a constant power of Ihe dejitli, so that the formula 
becaiiie ^ 

Q = K { h - a k II [ IF. 

Though neitheivot the assumptions made is quite correct, yet if x be 
given the value 1‘5, A' the value 3-i!8, and k the value they lead to 


results closely in accord with experiment. 

In general the Francis formula is suitahle for use for all heinls above 
fi inches whei-e the bottom contraction anil end coniractions, if ahy, are 
free, and where the length of crest is greatisr than three times the head. 

E'^en where the ratio of length to head is less than three, the formula 
gives fairly accurate results, the discharge as calculated heing always 
slightly less than observed. Recent exp iriments at (Jornell I'niversity 
on a suppressed weir feet wide and with heads ranging from 2'0 to 
4'85 feet give mean results 98'4 per cent, of those calculated by its use, 
and indicate its reliability for heads up to 5 feet. 

For perfect contractions Francis specilies a distance to side of approach 
channel = 2 H, and a depth below the weir crest = 3 II, and states that 
a reduction of the bottom clearance t» 2 II and of the side clearance to 
II increases the flow by about 1 per cent. < 

Effect of the Velocity of Approach.—As in the case df a submerged 
orifice, the fact that the stream has kinetic energy in virtue of its velocity 
of approach to the weir may be taken into account, apd correction made 
for this by adding to the measured head II a supplementary head h, 


where h = jp-. 


Here v is the velocity of approach, and is necessarily the 


* A formula of this form was sug<;L’ 8 ted by Buyden in I 8 II 1 . 

* “ Trans. Am. Soc. C.E.," vol. 44, p. 397. The maximum variation from Francis’s for¬ 
mula, viz., 4 per cent;, occurred with 2 Gl feet head. 
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comijntpl mean velocity over the wliol(^ section of the apjmiacli channel. 
But the distnl#ition of velocily ov(n' this section is not at all uniform, the 
filaments nefwer the surfaejj^ ami nearer the.^cnl re luiviii" a velocily greater 
than the mean, depemling on the dej)!!!, width, and surface condition of 
the channel. The ])arti(!le.s which suffer the least change in their direc¬ 
tion of motion on passing the weir are thus those which have a velocity 
of ajiprdach greater than the meait, and^sincothe velocily of ap[)ioaeh in 
these, particles hits a greater proportioiiar effect in incrca.sing the flow 
jiast the weir than in those which ai)]>roach its ])lanci in a more oblique 
direction, the effective velocity of a.i)proach will ho greater than that 
corrcisponding to the calculaled 4^!ad h. Most oxperinienh'rs, therefore, 
put the efi'oetive head as equal to II -j- alt, where a has some value greater 
than unity, and write 

V = K It (If -I- a li)i = K h __ 

Francis, however, allows for the, velocity of appoach by putting II -f It 
and It as his limits of integration in formula (1) of this article, and thus 
gets 

( :l 3) 

For a suppressed weir V = ll’d!) h j (// + h)'-^ — id-1 

With one end contraction = (i; —'If/) | (If —/i“j 

Withtwoendcontractions Q = li'83 (t — -g 7D | (7/ + i')" ~ . 

In using Francis’s formula, care should ho taken to apply the correction 
in this manner. 

v‘‘ 

The value of h — - is detennined by approximation. Thus Q is 

first determined from the measured If, and this value of Q is used to 
determine r Jrom the known area of tlu! channel. 

The second approximation to the true value of V, obtained by inserting 
the value of thus found, in the expressions given above, is always 
sufficiently msar for ;J1 practical purposes. 

a f ? !! I 

Since in this fdrniula wo have | (II + 7i)“ — ^ 

.-. f) = I (7/+/<F -p. * 

Expanding this as a s(!ries and omitting all terms containing a small 
quantity of the second order, wc get 

D = H + h H + « lit where a = 1 —1\/ 
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Ftcln/ and Slmrim,' fr:)iii experinienls on siippi'essod wei/s fl and 
19 feet lonp;, and with licids raii’^in" from '07 to I'fiWfcet, and also 
from adiseiissioii of Praneis s,results, olitained the fonmija for a sup- 
prosaod weir 

(J = d'.'Jl h II- -j- '007 h ciih. ft. jior .sec. 

For a weir with end eontraetions, h is to bo replaced by {h —•_! n If). 
The velocity of approaidi is to,bc*alb>wod for by puttin" the elloctive head 
zi II ah, where 

a = pr) for a su))prcssed weir. 

u = ‘2'0.7 for a wtur haviiiK two end (!ontractions. ■ 

These are mean values. Actually the*e\iieriiucnts .showed that a varic.s 
with H, as shown apjiroximately in the following table: - 


|)ciiiij or 
Cliaillii'l nf 
ft|)])toa«'h 
below cicht. 


•5 

10 

1-7 

a-t; 


Siil'inr-ssed w*;r--chaiin'‘l h fm-t. «ni*-.-Ie|.ni Mit i i'-d iri l.'fU 


•2 

■4 

•() 

1-0 

I'.'. 

2'0 

1-70 

I-.")!! 

1-.72 

1-48 

_ 

1 

1-87 

1-79 

1-71 

Mil 

1-:V2 

Lh8 

rtili 

l-(>3 

]-(i() 

IT)! 


1-51 

1-49 

1-47 

1-4'c) 

i-:is 

i-3:( 

1 

_ 

— 



-.. — 



Hamilton Smith,^ from experiments by Fhdey and Stearns, Francis, 
and self, with weir longtlyfrom '(ill u]) to 1!) feet, heads up to ‘2 feet, 
altered Francis's formula so as to take a cori-cctiou II -t- u h I), for 
the velocity of approach, giving o the values J'4 for a conlraclod, and 
1’38 for a suppressed weir. 


Then Q = 3'29 


l>\ a 

b -f 1 1 >-for a sup])rt‘ssed weir. 


Q = 3-29 h 1)- for one end contraction. 

( I ') 

(,) = 3'29 I h — Yy j for two end contriKdions. 

Smith also suggests determining r, and therefore h, hj measuring the 
surface velocity in the approach channel, the. ratio of surface velocity to 
mean velocity being ushally approximately eciuarto a. 

Bazin,^ froui liis own experiments on suppressed weirs from 1'65 to 


* “Trans. Am. Snc. (’.E.,” 1.SS3, i>]». 1- 118. 

* lljiimUon 8ni^Lh, “Hydraulics,” pp. 119 aud 137. 

* “ Annales des Poets et ChausHces,” 1898, 2me trimestre. 
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6’5G fee^ loiij?, and wilh heads ranging from '17 to 1’97 feet, and also 
from an exaninalion of the results of Fleley and Stearns, deduced the 
formula 


Q - -lOu + 


•00984 
If “ 


h V ‘2;; //" c.f.s. 


for a weir with no velocity of ajiproach. For a weir with velocity of 
approach, the effective lutad = 74 I'Oft h, and on siihstitiiting for h in 
ter?iis of the depth of apju'oach channel Ihtzin finally g(!ts 


+ 


U 


Approximately, for heads from 1 inches to f toot we have 


(J = ; -125 + - 2 ] 


11 

I’ + II 


// V 2 (I U'^ cub. ft. per sec, 


correct within about 2J ]>i!r c(!nt. In these formulae /-* = height of the 
weir crest above the laid of the approach channel. All dimensions are in 


feet. Fxpr(‘ssing the formula in the form (,> = Kh //“, the following 
values of K are deduced from ISazin's experimental results:— 




III of notcli sill jilmi c < liaiinifl Ixul, m Inet., 


III 

n 

•(>(; ft. 

l-oo ft. 

l-.TO ft. 

2 ' 0 () ft. 

5 -()^ ft. 

• 1(11 


fid.'tfi 

dfilO 

3-()01 

3-593 

•‘ 2 f !0 




3-550 

3-529 



:!'(i(i 7 

3 . 55,5 

3-501 

;i-l 0 (! 

1 -O.oO 


:!' 8 ' 2 y 

3 -(i(il 

3-555 

:)-394 

i-, 57 r. 



:i- 7 !»i; 

3 -(i 55 

3-394 

1 - 1»(19 

- 

-- 

;i-,H 77 

3-733 

8-422 

-- - 

- _ . — 

-- - 

_ 

_. 



The follofving table .shows the ratio of the viilocity-of-iipproach correctioti 
applirtl by various exj)erimonters for a suppressed weir. 


.. - 

iU/iii. 

Klxjh'y and 
SloaiMs. 

Snntii. 

Kiauois. 

1-0 

• -887 

•787 

depends on 
h -f-.Jl. 


This large difference is, however, more apparent than real, as tho larger 
velocity corrections are compensated by smaller weir coellicienL.s. Actually 

n.A. L 
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the final iigreoiiieiit is, in goiier.il, faii-ly close, iis is shown by tlir follow¬ 
ing table, which shows the coniiiarative values of (J i)er foot (;f crest length 
for a supin’ossnd weir;— 



<it first 

Hc-ail. 

: Vilontyot 

i ' ' 

! I'iniifis. ! 

Ft«-li y nnd 
Stealnn 

Ha/iii. 

Slllltll - 
l‘'riuu-is. 

10 ft. 

2 ft. 

1-0 ft. 

TIGf.s. 

l-tio 

TOL'i 

•985 

1-018 

'0 „ 

4 „ 

TO „ 

•G8 „ 

TOO 

TOO! 

TOlO 

T002 

10 „ 

4 „ 

10 „ 


TOO 

TOGO 

1-050 

T115 


It may bo slunvn that neglect to allow for the velocity of appi'oaeli will 
lead to an error which may amomit to G per cent, where .1 (the ansa of 
approach channel) = ‘2 h II, hut is reduced tu "7 per cent, it .1 — G b JI, 
and to ‘25 per cent, if A = 10 b II. Thus with a sup|iresse.t weir it is 
in general important that this should he taken into account, while with 
two end contractions it is tistially unnecessary. 

Braschiitaiin’s formula: 

Q = j-ORGB + -OGSGI + I h V 27/ I/^ e.f.s. , 

the dimensions laiing in feet, is much used in Germany. Here If is the 
width "of the ap])roach channel. The formula only applies to rectangulai 
weirs with two end contractions tind free bottom contraction, and agrees 

well with that of Prancis, ^here II ~ I b. 

The following values of C were determined hy J’rofessor Ihvelshanvers- 
Devy, of Liege, from experiments on a small rectangular notch 2'r)l)3 
incluis wide, and with liearls varying from ‘I to I'd indies,' with no 
velocity eerrectioii:— 


! 

Mom! in indiT<. 

•1 

■■■' 

■t; 

■8 

1*U 

i*r> 

2-U 

•» r. 

;ui 

4-0 

G ... . 

■02‘J 

(>22 

•OIS 

0125 


•0012 

•0029 

^;u2:i 

■I'lliSl 

•0021 


Itecont expei;i|)ient8 on a sharp-crested weir 2'50r) feet long, height of 
crest 8'05 feet, and e.oiitraclious suppressed" showed that over a range of 


* ‘•ri'weoflings Inst. Civil Kn^jiiieers,” vt»l. 94, p. 333. 

* “iiullciiu of Ihe Umvci'sily oi Wiscuusiu,” No. 210, p. 283. 
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heads from •.“? to 1'7 feet tho variation from the formula of either 
Francis or Hizin in no case excoedod 1'7 jicr cent., while the variation 
from the Hamilton Smjth formula inei^ased steadily from ’7 per cent, 
with '3 foot head to 7'il pur cent, with 1'7 feet head. 

Discharge over a Carved Weir.—Where a curved weir "lias a large radius 
of curvature, and discharges radially inwards, tho discharge per foot run 
may ho expected to he hut slight^’ luss.than the discharge ov(!r a straight 
weir under the same head. * 

An extreme case of tho curved weir with inward or outward flow is found 
in.tho case of flow over tho ui)por edge of an open vertical stand pipe. 

Experiments carried out at,('ornell lJuiv(!rsity * on a sories of such 
pipes of diameters 2, 1, (i, 9, and 12 inches with outward flow, show" that, 
if 1) is the diameter in feet, for heads less than '028 the flow is 
similar to that over a sharp-crested weir, while for heads greater than 
•107 Id'"'* the flow becomes similar to that of a jet. • 

Tho discharge for weir flow is given hy the formula 
y = 8'8 /d ® 11' ® cub. ft. per sec. 

= 2 01 j / // [ „ „ 

Here I is tho length of the cre.st, I and II both being in feet. 

For jet flow tho discharge is given hy 

Q = 5-7 1)^ //“■“ c.f.s. 

= a A V iij II “ c.f.s. 
where A is the area and C = "OOS. 

In similar experimouls on pipes of (i'O, lO'l, i:!'7, l!d4, and 2,5’9 inches 
outside diameter, with flow radially inward.s,^ the discharge was given by 
Q = KI H'® cub. ft. per sec. 
whero K has the following values :— 


DiUmt'tdir of weii (inches). 

• 

Oil 

lu-1 

i:i-7 

19-4 

26-9 

Value of 7v . 

2-93 

2-94 

2-97 

2-99 

303 


These constants hold for heads up to one-fifth of the diameter of 
the weir. 


* “ Free. Am. Soo. C.E.," 190C, p. 479. 

* H. J. F, (iourley, “ i’ruc. lust. C.li.,” vol. 184,1910—11, pt. 2, p. 297. 
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( 

Effect of a Change in Head on the Discharge from a Bectangnlai Weir. 

V 

Since Q = K ll 'i y. = DS A'ui 

8 V r.'i K ui 8 II, and - US 

y II ’ 

i.c., the ])V(i|)iirtiiin.al cliangc in Q is i‘5 times Unit in II. 

' Effect of Inclination of Weir Face. 

As might be (ixjiocted from its effect on the crest contraction, ,an 



@ ® 


Fiq. 78. 

up-stream inclination of the weir face (Nig. 78,i) reduces, 171010 a down¬ 
stream inclination (Nig. 78 8) increasiis, the discharge. 

Baein obtained the following comparative results with inclined weir,s:— 


DiieotiOii of iin'liiialmn | 

1 

Up-sln-aiii. 

Wf-i. 

M I ill Ul. 


Down-streani. 


Slope ; linrizoiital tlistaiict* 
^nveu (irst,. 

liol 2t(i;{ 

i 

I (uli 

0 

1 

1 

2l,j3 

1 

1 tol 

1 

1 

LMol 1 

1 to) 

Uelaiivc fiNcharge . 

1 j -ill 


1 00 

i 

1*0+ 

1-07 

j MO 

n2 

1-01» 


The maximuni'discharge was obtained with a down-stream inclination 
of 7 to 4. 

Professor 0. S. WiUiams, in experiments on weirs with a down-stream 
inclination of 1 to 1. obtained a mean comparative increase of'7'2 per 
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cent, ■ft'tlth a cnst height of 6’6.5 feet, and of 8’8 per cent, with a crest 
height of 1V25 feet. The heads in these expei-iineuta ranged from 
•5 to 4 fee.t. 

Effect of a Sloping Apron on the Down-stream Si*: of a Sharp- 
crested Weir. 

If such a weir, liavirig a vertical np-streani face and a sliarp crest is 
fitted with a sloping aja'on on the down-stream sid(\ tlie discharge is 
increased to an extent wliich dejamds on the slope of llio a|>ron. liaziii, 
experimenting on such weirs having lu'iglits of J‘(!l and 2'(!4 feet and 
with licads ranging from '3 to I;.'; feet, deduced the ajiinoximato formula 

K — for values of the slope S botwcion 1 and 12. 


Effect of Rounding the Up-stream Edge. 

A slight rounding of the up-stream edge, liy diminishiTig tho contraction 



Fio. 71). 


of section as*indicated in Fig. 79a, always Ciiiisi's an increased discharge 
Jiessrs. Ftdn/ aiiH Stcanm, from experiments with crest radii up to 
1 inch, found that, so long as the /a/p/ic was fully aerated, the elloct of 
the rounding was to increase the effective hea,d hy /(', whore /(' = '7 r 

(Fig. 796). 

Effect of Clinging Nappe. 

The exfieriments of Dar.in showed very clearly the importance ol taking 
into consideration the particular form assumed hy file iiappr. 

If discharging freely, with free admission of aii- uudernciith, such a 
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f 

nappe is said to be fully aerated. In a suppressed weir discl*arging 
between the walls of a dischaige channel of its own width, the nnirpe, 
will remain in contact with thcsc> walls, and tends to eject the air enclosed 
in the underlying space. For free aeration it is necessary for air holes 
to be provided in tViese wing walls. 

If no provision is mrde for such an air supply, a partial vacuum is 



Kirt, 80.—Deprcsseil, Drownoil. ami Niipjn'S. 

produced beneath the nappe; the latter is said to be doprcs.scd, and the 
discharge is increased (Fig. 80 a). 

In an cxtrenui case of the dcpnissed nappe the whole of the air behind 
the imppe niiiiy he ejected, when this space is occupied by a turbulent 
eddying mass of water which.docs not itself join in the general motion 
of the nappe. The latter i^then said to be drowned or welted under¬ 
neath (Fig. 80 li). 

With veiy low heads tlie nappe, may adhere to both crest and down- 
^ream face of weir (b’ig. 80 c). 

Bazin gives the following as the relative discharges from a thin-edged 
weir 2’4(i feet high and with a head of 'u!)6 fool under dilferent tiappe 
conditions:- ' 


Nfipiie. 1 

llclative 

flisoliarge. 

Free discharge into air with full aeration .... 

I'OOO 

JVappe depressed with purlial vacuum beneath . 

1-060 

A/ijipe wetted underneath; down-stream water level •■12 toot 
below crest. 

1-148 

.Vappe adhering to down-stream face. 

1-279 
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cent, a cnsst hciglit of 6’6.'; feet, and of 8’8 per cent, with a creiit 
height of H‘‘25 foot. The heads in these expei-iineuts ranged from 
•5 to 4 feed. 

• • 

Effect of a Sloping Apron on the Down-stream Si4e of a Sharp- 
crested Weir. 

If such a weir, having a V(!rtif,al uii-streani face and a. .sliarp crest is 
fitted with a sloping apron on the, down-stream sid(n the discharge is 
increased to an extent whicli dejiends on the slope of the apron. ISaziii, 
experimenting on such weirs having lo'ights of l‘(!l and 2‘()-J feet and 
with lioads ranging from '3 to 1;5 foot, deduced the ajiproximato formula 

K = for values of the slope S hclw(H;n 1 and 12. • 

Effect of Rounding the Up-stream Edge. 

A slight rounding of the up-stream edge, hy diminishing tho contraction 



Fir.. 711. 


of section a^iiidicatod in Fig. 79u, always cansi's an ineroasod discharge 
Messrs. Ftelcii auH SleuniK, from oxperiments with ci'ost radii up to 
1 inch, found that, so long as tho /mppr w'as fully aoratod, the effect of 
the rounding was to increase tho effoetive hea,d hy li', whore It' — '7 r 
(Fig. 79/)). 

Effect of Clinging Nappe. 

The experiments of liazin showed very clearly the importance of taking 
into consideration the particular form assumed I 13 ' flie iiapiic. 

If discharging freely, wdth free admis.sion of air underneath, such a 



102 nis Ai'i'iiiuAiiuiNo 

‘ t 


To get this into a ‘orm available for ])ractical use we niii^t writ 

,„r4 I 'ij 12 2//'!1 4 

So that = C 11 - ' ( 2-5 - 1 -0 ' 1 ^ j [. 

Equation (2) then becomes 

4 


Q = ^rjB^'i:i //■ 


(8 


tl*e formula obtained by integrating the tvpro.ssion (1) hcluteon tim liniiti 
// and 0. . 

7» (9 

Putting = 7/ lan ;r , where 0 is the angle included between the sidei 

* • Ji tj 


of the itotch, thin becomes 

g = ^6'\/27tan|7y^’ (4) 

= 4-28 C tan ^ 77^ (5) 

The coefficient C here includes both variables C and 11'. Since the 

ratio is constant for any one notch, it is to be expcicled tliat the 

Value of C with different heads will be nioris nearly constant than in 
the cu,se of a rectangular notch. Experiinenls by I'l-ii/i^xnr ,ltiim'x 
'Thomson ’ indicate that tins is so, the value inci’easing very s'ightly as the 
head diminishes. With a right-angled notch the vari-ation was loss tlian 
1 per cent, under a range q#heads from 2 inclics to 7 inches, while with 

0 

a notch having sides inclined at 2 horizontal to 1 vei tical (tan = 2) 


the value of C increased by about 2 ])or cent, as the head was 
^reduced. 

As the result of these experiments Pr/)fossor Thomson estimated the 
mean value of C for a right-angled notch as thus giving a 
discharge , 

Q = 2'.5ii() 77 cubic feet per second. 

With a notch having side inclinations of 2 to 1 (tan • = 2), the mean 
value of C was found to he '(ilS, ranking ' 

Q = ■')-2!l 77- cubic feet per second, 

wdiile as the angle is still further increased, C appears to approach a 
limiting value '(120. 

' V 

* “British Association Report,’’ 1801, p. 351. 
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With Uiese wide-angled notches the value of C, however, fluctuates 
between muchtvider limits than in the case of the right-angled notch and 
this renders,the former type not so suitable for measuring purposes. 

Thomson’s formula for a right-angled notch may be written in the 
form * 

Q = -305 TI^ cub. ft. per minute 
where II is the luwid in inches. * • , 

A series of very careful experiments has been carried out by 
Janies Harr,' on such notches, with heads up to 10 inches. The chief 
resiflts of these are shown graphically in I’ig. 32, where curves V, .d, and 



Fie. S3.—Valno rif CoeflVioiit r,'in Q ~ u.f.m. for a Kif-ht-aTifiled Notch. 

1) respectively represent the results obtained on a notch with an 
exticmely line edge, on one with a crest inch liroa,d, and on one with a 
crest inch broad. In these experiments the ajiproach channel was 
4 feet wide, and the depth of the floor of the channel below the vertex 
of the notch was 2 feet. • 

To find the effect of the width of the channel of apiiroaeh upon the 
discharge, fal*e sidi's made of wood were placed in tlio flume. They 
extended the full depth of the flume, and for a distance of 3 feet 
up-stream. ^ 

Two sets of e.\])eriments were made, in one of which a head of 3 inches 
was maintained and in^he other a head of 4 inches. Fig. 83 gives the 
results. They show that in order that the flow may bo independent of 
the cbamiel width, the bitter must be at least eight times the head. 

A sheet of zinc 36 inches broad and 42 inches long was used as a 


Enginccnntj^ April S and 15. 1910. 
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temporary floor to investigate the efioet of the depth of the efianiiel of 
approach npoii the dischiirgo. The resulls arogivon in Fig. ?-l, whicli shows 
that the presence of tlie floor pnr)duces a sliglit djininutiou in the discharge, 
and that this effect disa))pjar.s when the channel depth is about throe 



:::E:ss:i:ssss:s:s2:s»s:ssss:::B:si 


Satu) of Depth tf Channel oTAfprocah teUcoui 
Fia. 84. 


of the notch, and it was at a depth G inchcis below 'the vertex for the 
results given in 7) (Fig. 82). , 

By coating the up-steam face of the weir plate with coarse emery the 
discharge was Increased by 2‘4 per cent, with a 8 inch head and by 1‘7 
por cent, when the head was 4 inches. 

The results of the whole series of experiraents are in extremely closft 
accord with those previously obtained by Professor Thomson. 
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While suffering from the disiidvantage that only small quantities of 
vater are passei with a comparatively high head, the triangular has the 
idvanlage ovei; the reetangular notch where j;he flow is very variable, that 
vith either large or small heads it is equally easy to take accurate 
neasuroments of the head, while with the rectangular i*)tch with very 
ow heads this is practically ini])ossihle. 

On allowing for the velocity ot aqipruach, eipiatioii (1) licconies 

Q = C tail V ‘2 </ |(// + h)"— cuh. ft. per sec. 


Hefe h may he taken as I'-l „ , where c =: velocity of ajiproach. 

In using the notch, care should he lakc.n that the sides are equaHf 
iielined to the vertical. 


Since 


Variation of Discharge with Head. • 
Q = K ifi 


d_Q 
d II 
S q 
V 


=: 2-5 A' TP 


= 2-5 

II 


It follows that a s'.ii.all change in, or error in 
i'5 times the pei ccnlage change or error in Q. 


estimating II, prodweeg 


Art. 5‘k. - TiiAi’E/jOiiiAi, Notch (Ph'g. 85). 

Let h ho the bottom breadth of the notch. Let 0 lie the inclination to 
the vertical, of the sidiis. 

The notch then becomes equivalent to a rectangular notch of breadth h, 



together with a triangular notch having an angle 2 0 between its inclined 
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Bides, and the discharge Q due to a head TI is obtained by addingithe values 
of Q, as calculated for two such notches. y 

Q = 1 1 h Cl A tan e 7/’^} (1) 

Assuming Cf = Ci = C this Iwcomes 

Q = G II^ |g II tan (2) 

Fi'nncis’s formula for a /ectaugular notch shows that I lie two end 
contractions reduce the effective breadth by'2//, and ibo discharge by 
an ainoinit 

■iHxlc Via. JP»= -^CVi q. Ill 

• 3 • 15 

If then the ends of the weir, instead of being vertical, arc inclined out¬ 
wards so that the added area counterbalances the increased contraction 

3 

of section of the Stream, the coefficient K in the formula Q = Kh 11^ 
should be independent of the head. 

For this to bo so we have 

(] V ig . IP = C V 1 g tan $ iP, 

1 li) i 

BO that tan 0 = or the sides are to bo inclined outwards with a slope of 
1 iji 4. This is termed a Cippoletti' Weir. 

From his own experiments and those of Francis, on heads from 3 to 24 

3 

inches, Cigpoletti made ^ = 3‘3G7 h iP cub. ft. per s(!c., the Francis 
velocity correction being used. 

Experiments liy Mesm. Flimi and Dger^ on weirs having sill lengths 
of from 3 foot to 9 feet, and heads from '3 foot to 1'25 feet, gave, as the 
mean of thirty-two experiments, K = 3’283. In this formula, however, 
the velocity correction of Hamilton Smith (effective liead = U + 1-4 h) 
was used. Had the Francis correction been applied this coefficient would 
have 1)0011 in close accord with that of Cippoletti. ^ ‘ 

If 6T = -623 (Francis mean value) and Ci— ’SOI} (Thomson's value for 
a right-angled notch), the inclination of the sides becomes 1 to 4'2. 
Experiments by J. C. Stevens “ on weirs having Icngrhs of G inches and 
of 1, 2, and 8 feet,.with side inclinations of 1 tn4, and with heads ranging 
from ’08 foot to '8 foot, indicate that for small lengths, the discharge is 

‘ First doscribeil by C. Cipiwlelti. See “ Qiornalc del Genies Giviles," 188G. 

1 “Trans. Am. Soe. O.U.,” vol. .SH, IfiSl, pp. 9—33. 

• Jiiu/tneermij AVias, New York, August 18, 1910, p. 171. 
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greater th^n is given by the formnla, the error increasing as the length 
is diminished, f'or lengths less than 3 feet the side inclinations should 
apparently vai^f as follows:— 


Length of weir (feet) 

•5 

1-0 

2-0 

Cotan 6 . 

4*25 

•4-8 

4-1 


• AuT. 55.—SuiiMEliGKO Wuiits. 

Where the water on the down-stream side of a weir rises above the le\;ol 
of the sill we gel a submerged weir. 

If 111 and 11-1 (Fig. 85) ho the 
heights of the free surfaces above 
the sill of a rectangular weir, the 
flow over the upper part of the 
section, of a depth ifi — Ha, may 
be considered as a free discharge 
into air, and that over the lower 
part, of depth ILi, as a discharge 
through a submerged orifice. 

Thus for the upper portion Ci it V 2 g (Hi — HjY-‘ 

„ „ lower „ Qi = Ci b V 2 ;/ /fa (f/j — 

If wo assume C, = Ci = G, we have for the total flow 

Q^G h V'igjfh - 7/a) (//i - //a) - //a| 

• = G b V 2 fliirr-Hw {| Tfi +-^ 

Taking into :j,ccount the velocity of approach, we have 

(.), = 5 V 27; \(Ih - Ih + W - //.^j 

Q .1 = G, }> V 2 g 7/a (Hi - Ha + lYf 
Q =Gh Vi yVu~lh~+ h) If (Ih - Ih + h) + Ha 




(Ih - Ih + h)-, 
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As a very closo iii)in'oxiinatioii wo liave 

0 = a h J - 2 !, (//, - //,■■+ ii) ' !■ (Ih + h) +*31 //, 1 . 

' t* O J 

Th(! value of C varies with the ratio ,, I* ,, aud can oulv he deduced 
« III +11 

hy ex))eriineiit. 

The followiiif! mean values are ohtiiined from the rosiills of experiments 
by Francis, and hy Messrs. i'Te'ley and Stearns :— 

• /'V«)(ci.f.—Depth of water at sill '85 to 2‘3 feet.^ 



Hi 

Ih + h 

. 

•1 

1 

•3 

1 

‘5 

•7 

-9 

C. 

•^0! 

•605 

•590 

•585 

•595 


Hedtenhuchcr makes Ci = •.'>7 and (\ = '62 in the above formula, 
while PestaliKzi also makes C'a equal to '62 and makes 6'j vary from '534 
to '500, diminishing as the ratio of 11^ to Hi increases. It is indeed to 
be expected that C'n will l)e greater tiTan (\, since owing to edd^’ forma¬ 
tion behind the weir the priissure on the discharge side of the crest will 
be less than that corresponding to the assumed statical head Hi—Hi, 
thus giving rise to an increased discharge over the lower portion of the 
stream. • 

The difficulty of obtaining accurate values of and Hi, combined with 


• Suppressed we'r 22-2 feet long. " Trans. Am. Soc. C.E.," vol. 12. 

> Suppressed weir 0 feet, long. Values of IT, from -3 to -8 foot. Crest 3'2 feet from 
botlnin of channel. “ Trans. Am. Soc. C.E.,” vol. 12. 

The results of experiments on submerged weirs 1 foot and 2 feet long, w^tli two end 
contractions, are given in Engineering Newt, New York, August 18,1910, p. 174. 
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the fact tjiat Il-i is in ii continual state of cLani,'o owiii}; to the nndulatory 
motion of tlio kirfacc, renders tlio submerged weir very unsatisfactory as 
a means of ineasuring the flow of water. ^ 

The above discussion of submerged weir flow is duo to Diibuat, and is 
admiltedly unsatisfactory from a scientific iioinl of view.’ Tlie dilliculties 
in the way of a more ralioiuil investigation of the jiroblem based on the 



Fks. 87.---Surface Curves iii Neighljoiirbond of Submer^n*?! Woira, 

variations of pres.snre and velocity in the stream are, however, extremely 
great, as will be realised from a study of Pig. 87. 

Tlx'.se curves sliow the profde of the stream as measured by the atrCHW' 
in the neighbourhood of such a weir, under different heads. 

BiKin gives the om()irical formula 

0 = C |l-0.7 + -if V ~ lb .h J ^rg . c.f.a. 
v,bi le C is the eoellicii'ot in the formula 

Q = h J 2 g . II,^ e.f.s. 

for flow over a similar weir frealy discharging under the head TIi, and 
where?' is the depth of tb(i ap])roacb channel below the weir crest. 

iCra. Sfi. - BuoAi)-cnnsTnn Weitis. 

Experiments by Basin indicate that in g(!neral the nappe will clear the 
crest of a sharp-edged wgir if this is of less width than "5 II. For widths 
between -5 H and -(itl II the condition is unstable, and any variation in 
the flow will cause the nappe to cling or to break free, with a correspond¬ 
ing variation in the discharge, while for widths greater than this the . 
‘)\appe clings to the crest in every case. 

More recent experiments by G S Williams indicate that the ratio of 
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crost width «’ to head, at wliich the najqu' sjirings clear, depends on the 
head and is usually less than -5, as shown in the following table :— 


t!r«st wullli (k'ot) 


Head at which 
biicomes clear (feel.) i 


Eatio of w: II 


\-r> 


•ifi 


■113 


l-li.-, 


IjiVep/M' iKit 
‘2T) ji ch'iir when 
11 II -i feet. 


•:i8 


< -11 


Where the cre.st is sufficiently wide to cau.se adherence of tlie mippe, 



the weir is termed broad-crested. In'such a weir the slrliam sprin^is 
clear of the crest at its up-stream edge A and again makes c^ontaJt at B, 
as in Pig. 88, so that the discharge is reduced by i he fricfion offered by 
the surface from B to C. An increase in the head (fiminislies the length 
of this portion of the surface, but increases the velocity of How, so that 
some one particular head will give the minimum loss due to this cause, 
and will give a maximum coefficieni of discharge. As the width of crest 
is increased Ihe'friction loss increases and the coefficient of discharge in 
consequence decreases. 

Bazin experimenting on flat-crested weirs having crest widths .ranging 
from”lG4 foot to (i’StJ feet, and with heads from ’25 foot to 1’5 fee^ found 
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that wbfere the 7iap]M’ adliores to llie toji hut not to tho down-utream 
face of such aWveir, the discharge niay be expressed by 

•y = K' l> Ui, whore K’ = K ■-70 + 'IHo ^^1. 



FlO. S!1 a. 


Hero K is the coeflicient for the corresponding thin-crested weir, as 
calculated from Bazin’s formula. 

For wider crests, and for heads greater than 1’5 feet, this formula gives 
rather low results, while if applied to the l'’i aMcis formula, the results are 
much too low for crest widths greater than ti feet and for heads greater 
than 1 foot. 
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An exiiuiiiiiilion by tlie aiiUior, of ('xjmriiiitiits by G. S. Willi.ima* on 
such weii's, with widths ranging from '48 foot to IG’8 foet ai| d with heads 
from '5 foot to 4'0 foot, shows tliat, adopting the Praiicis formula, tho 
discharge is given within about 3 per cent, for all widilis and heads, so 
long as * 

«’ > 2 H, by writing K' = K I'Ta,+ '1 '\/ . 

Flcley and Stcanis, using ciasot widths of from 2 to 10 inches, and heads 
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from ‘llfi to -Sfll feet, deduced tho formula Q = K h (H + where 
Ic = -2010 \/c,S()7 h~^irf + •214fi - -1876 h, and K is tho coefficient 

for a thin-crested weir. 

The most reliable experiments on flow over broad-cfested weirs and 
dams are those by Dazin' and those carried on,* at Cornell UnivorsitV 
between 1888 and 19(14 undertbo suiu'rvision of Professor G. S. Williams.' 
In the latter experiments which were made for tlu! United States Geological 

* Voi a full discussion of these re.siiiis, as wdl as lliosc <i/' Ihizin, .see “ Water Supply and 
Irrigation,” Paper No. 200, U.S. GcoIo,;Me:iI Survey ; “Wcir Kx])erimen[s, Coeflitsents and 
by E. K. Horton. Also sec “ Ihiflcr,'’ *' Piniis. Ain. Soc. C.K.,” vul. 41, 1!)00. 
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Survey atid for the United States Board of Eiij^iiieers on Deej) Waterways 
the weirs wA'e 16 feet in leiif^th and heads up to 4 feid were used. The 
C unell experiments were hyfar the mo^e extensive, and the eliief results 
of these are shown hy tlm followiiif; tables and the diagrams of T'ig. 81) u, 
and c. On all weirs having via'tieal down-stream faees*the loippc was fully 
aerated. In the weirs with inclined down-stream faces no aii' was admitted 
under the na^tpe. 


RKCl'ANClULAlt ElAT-CUESTM) WkIIIS. 

rt 

Values of K' in formula, Q = K' h U“. 


n 


(tirl). 


-- 




04S fi. 

Oils fi. 

Ml.'i fl. 

O-.'i 


{■01 

2-76 

2-7:{ 

l-o 


1 -21 

8-01 

2-!»:{ 

^■r> 


{•;{;{ 

{{•ID 

;{-oi{ 

2-)) 


{•:{;{ 

;{-2!) 

;{-()H 

:!•() 


{■:{;{ 

:{■;{:{ 

{{•Ui 

1-0 


!•:{:( 

8 ■;{;•{ 

8-15 


Valnov «)1 ii\ 


;; 17 ft. 

Ti-s;) fl. 

i s-iis n. 

• 

12-2-1 ft. 

1 

]0-3() fi 

2-(;)i 

2-C>l 

2-61 

2-()l 

2-(ll 

2-70 

2-67 

2-)!6 

2-6,'') 

2'()4 

2'7;{ 

2-(i!) 

2-67 

2-67 

2-6,'j 

2-78 

2-68 

2-67 

2'6t; 

2-cn 

•2-71 

2-6.'') 

2-61 

i 2-f.2 

2'61 

2-61) 

2-63 

2-6] 

2-60 

2-69 


CoMi'ouNo Wniiis (A TO P). Pio. SDa. 


1 

//ffot'i). 

A. 

It. 

0. 

1). 

K. 

F. 

o-r> 

3-21 

8-10 


8-2:{ 

8-2:{ 

8-28 

1-0 

8-42 

8-27 

8-8,7 

8'4() 

3-46 

8-27 

i-.'i • 

8-.'-)4 

8-88 

8-41 

3(;i 

8-(;4 

8-40 

;i-() 

8-'-!,7 

.‘{•44 

8-47 

8-G8 

8-75 

3-46 

8-0 j 

{{•80 

8-48 

8-48 

8-75 

8-87 

3-87 

i-o 

8-14 

• 

8-.71 

8-48 

8-81 

8-96 

3-65 


Prom experiments ^n weirs of ogeo cross section (A to P), the 
formula 

K’- I 8-62 --If) (s - 1) I ir^ 

was found to give the coefficient with reasonable accuracy. Here s is the 
slope of the up-stream face. 








I(i4 HYDRAULICS ,AND ITS APPLICATIONS 


Eramph ; * = 2 ; 1 ; // = 4'» ; K' = 3-40 x n"" ; lo;; is"" -= OtOl ; 1^2 3-46 x 

1-0716 3-70, 


This formula holds for weirs With an np-strean' slope more -than from 
j feet to 4’5 feet broad, and with a down-stream radius (above from 2 feet 







;o 3 feet)igreat enough to retain the najvpe. in contact, and yet not bo 
arge as to simulate a broad, flat crest. 


Tbapezoidal and Tbiangulab Whirs (G to L). Fig. S'Jb. 
Type G. 


Up-stream Slope. 

1 to 1. 

i 

2 to 1. 

3 to 1. 

4 to 1. 

U to 1 

Crest Width (feet). 

-48 

-33 ■ 



-66 > 

-66* 


•5 

3-22 

3-35 

3-22 

3-64 


3-31 



3'57 

3-68 

3-44 

3-.S2 

3-44 

3-33 ' 

1-5 

3-59 

3-83 

3-59 

3-83 

3-46 

3-34 ■ 

Erj^ 


3-f)0 

3-77 

8-06 

3-69 

3-48 

3-86 



3-58 

3-()8 

3-(!8 

3-55 

3-48 

3-38 


■1 

3-55 

3-70 

3-70 

3-55 

3-48 

8-39 


• “-Rafter,” crest height - 4-7 feet. 
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Types II ti) L. 


Head Arts).' 

H. 

• 

K. 

r.. 

■5 

il-.'i.s 

3-47 

3-14 

1-0 


3-4 (i 

3-12 

P.') 

:iii4 

• 3<45 

3-.52 

2'0 

lid).'; 

3-4-2 

3dil 

3'() 

Itdlfl 

3-3.'. 

3d)(! 

4-0 1 

3d!l 

3-2» 

3d!(i 


CoMi'OVNi) AVbiks (M to P). I'Tci. 8!)c. 


I 



! " 


() 

■ • )■ 

i 

i 

2-91 

3-6.6 

3-06 

Id) 

3-21 

3-1)! 

3-63 

3-0.6 

IT) 

3-211 

3-33 

:i-61 

3-04 

2d) 

3-](l 

3-42 

3-56 

3-11 

3d) 

3-()(; 

3-.'-.l 

3-45 

.3-20 

-fO 

3-01 

3-58 

3-38 

3-27 


From a considoratiou of tliose various taldos it appears that with clams 
having an ogee cross section, or having an up-stream slojie, tiie discharge 
n«nally increases according to some higher power of the liead than the 
prith. liecent gaiigings of the flow over large dams of these t)’pes''' 
indicate that this iiower may attain a value as high as 1'75, though it 
usually lies lietween PfiO and Id);). 

Effect of Condition of Nappe, on Discharge over wide, flat-crested Weirs. 

.lust as with a thin weir the mppc from a wide-crested weir may either 
spring chiar of the down-stream face, he depressed, or be drowned. A 
simple depression of th# nappe has, liowever, little effect on the discharge, 
slightly increasing it for low heads and diminishing it^ for high heads. 
If the nappe is drowned the effect is very slight so long as the stream 

^ Type N is uleutisal with M, but with the luhlition of ;i 12 inch x 12 inch timber baulk ou 
its crest. 

* Engiiwering Eewit^ New York, Septeiaber 2y, 1910. p 321. 
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clings to the crest over its whole width. In some cases^ a mass of 
turbulent watcir .separates the iwjipc from the weir crest. Under such 
circumstances Bazin found that the, discharge is'the same as from a thin 
weir with drowned nappe, and is given by 

Q = A" h U'K where A' = A [ ’HTH + -128 

1' being the depth of the approa,eli channel ladow the weir crest, and A 
bcilng the coeflicient for a thin-crested weir freely discharging under the 
same head. 

Aut. 57.—I! vnoNiVn Formula for Flow over rroad-cuested Weths. 

As was first pointed out by Dr. IF. Uinciii, a rational formula for flow 
over a weir of this type may be deducial if the crest be assumed to be so 
wide that the lilainehts form a parallel stream of thicliiiess t (Fig. 88'i 
before leaving the crest, and that in this stream the pressure at any 
point is that statically corresponding to its depth. We then have llie 
velocity at the surface and at every point in this stream = V ti;/ {H ~ D, 
while Q = h t J i<j {U — i). i 

The value of t will adjust itself to give a maximum discharge, and this 

tneorbiical value for maximum flow may be determined by equating || 

‘2 

to zero. This gives t = II, and substituting this value, we get Q = 

'V 

■385 h ij 2 <1 II as the maximum possible disebarge. Writing this in 

the usual form Q = f,' 5 2 ;/ 7/“, we get C, = '578, and K =; 3'087. 

This method of treatment becomes more rational if account be taken of 
the fact that in a paralhd stream llowing in an open channel, the disti'i- 
bution of velocity over any vertical is not uniform, being a maximum at 
or near the surface and a minimum at the bottom. 

Experiments show that the ratio of the mean velocity over the section 
of such a stream to the maximum surface velocity, while varying with 
the depth, width, and roughness of the bottom of the channel, lies 
between the limits ’82 and '87 for such surfaTies and dejiths as are 
common on the crest of such weirs, this ratio increasing with the depth 
of water. 

Assuming, as is practically the ease, that the maximum .surface velocity 
in the case of the weir is equal to V 2 // (// — /), the mean velocity will 
equal k V 2 </ {}! — i), and the discharge will bo given by 
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k\K . h ]P = 1)087 Uill " = K'hir^ ciil). ft. SGC. 

Tims eon'e8j)()ii(1iug to tho valuos ’82 aud^87 of k, the values of K become 
‘i-.'j;) and * 

The validity of this formula niceivcs reuiarkaljlo confiruialioii from the 
results of tho tests on such weirs at Cornell (p. !(>;)), where for all heads 
hetw(!eii •.'> foot and I fo(!t, aiuljor all crtwt widths greater than 5 feet 
the values of K' lie between ‘i'e!! and ‘i’ti!). 

A sloping crest increases the discharge, as does any rounding of lilie 
up-stream corner. Tho effect of this rounding is not so pronounced as 
with a thin-crested weir, diminishing as tho crest width increases and 
also as the head increases. Fteloy and Stearns, oxpe,rimonting*on a 
crest 4 inches wide, with radii of one-fourth, one-half, and one inch 
respectively, found tho effective head to he increastsl in the ratio 

j 1 -I- J , this correction being applicable fhr heads of not less 

than 'M and •20 feet on weirs with radii of one-fourth and one-half 
inch resp(!ctiv(!ly. 

B.izin’s e.\i)eriments on crests having widths of 2‘(>2 and 0‘5G feet, 
heads from •‘i.'i toot to I'.OOfect, with an up-stream crest radius of 4 inches, 
showed a mean iiicrease.l discharge of llt'r> per cent, with the narrower 
and It) pm- c(‘iit. witli the broader crest, while the United State-: 
Waterways e\peiimunts on a weir 22 feet wide, with 0 : 1 sloi)e on each 
'face, showed an avmage increase of 2 per cent, with an ui)-stream edge 
'rounded to a radius of 4 inches. Experiments on weir ]), Fig. 89a, 
:showed that a rounding of the up-stream edge to a radius of 4 inches 
increased the discharge by about 4 per cent, at the higher heads. The 
■condition of the crest as regards roughness is found not to inlluenoe the 
'discharge by more than about 2 per cent. 


Art. •l)8 .—Rise in Surface Levri, ?RonocEr> by a Weir. 

• 

A dam or weir is usually placed across a stream with the idea of rais¬ 
ing the surface level and increasing the depth of water up stream. The 
'distanoe to which this effect may he felt is sometimes considerable (see 
Art. 89), and can only he determined when the rise, in level in the 
meighhourhood of the dam is known. This may he obtained if the dis¬ 
charge of the stream before the introduction of the dam is known (since 
this discharge, will be unalTocted by the presence of the dam) by eip.iating 
this, in cubic feet per second,,to tho How over a dam of the required 
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« 

lonpU) h and under a head 7/d Tliis delnrntines 77, and^ therefore the 
total vise in level when the height of dam is ^ivon. Thus if fi. = mean 
depth of water hefore the introtlnetion of the dr.m, and if li^'= height of 
dam, 

' 2 / •’ 
we have Q — h a/ '■2 // 


7/=i 


P i-fi y 

1. (' ii 2 (I 


Piise in surface level I _ ; 1 ,r , 

produced by the dam 1 ~ ‘ 


feet, 


I ( V 2 II I 

The same reasoniug applies to the case of a submerged weir thrown 
across a stream, or to the rise in level prodiuanl by the eieelion of bridge 
piers in the stream''(Art. 111). 


AiiT. r>!l.—T ’sk op TiiR Wrtr as a Water Mrvsi'rino 'tri'i.r.wcF. 

The standaril sharp-edged weir having a frcio discharge, m-, for sniall 
quantities, the, right-angled triangular notch, are the only types foi which 
the eoelllcients have lieen determined witli snllicienl accuracy to mlmitof 
■•u«f'iv>r accurate measurement of How without previous calihiation. 

For accurate measurefhent the following are essentials : - 

1. Sharp-edged weir sill, li.\ed so as to he incapalile of vibiation, having 
its face vertical and perpeitfficular to the direction of the slicum, and, if 
rectangular, having its sill horizontal. 

2. Clear discharge into air, no adherence of vein to weir face. 

3. Weir long in jiroporlion to its d(‘pth, /.c., h > ;! II. 

4. II small in comparison with the depth of the approach channel, and 
sectional area of vein (/) II) not greater than that of this channel in a 
weir with end contractions, or not greater ihan 7, its area with a suppressed 
weir. 

5. Suilahle channel of approach. This should he as long and of as 
uniform section as possible so as to allow of the. n'lotion becoming st(>ady 
before reaching the woir. The length should, if {lossihle, exceed 30 II, this 
ratio being increased where the length of weir is largely in excess of 3 77. 
In Bazin's expeiiments the length of supply channel was •Bh'i feet with a 
maximum head of l‘!)7 feet and a maximum weir length of ('I'oG feet, giving 
a length = 2.') II. In Messrs. Ftehiy and Stearns' experiments the length 

, S, 

‘ This veltM'ily may !“• <lt’tt‘iTiiiut.Hl by cuireiit or lioat obsorvali<>ns. See Arls. 5>S—1(KK 
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was 12 telit wi^li a head of UfiO feel, screens lasing used above the weir 
to equalise the velocity. Wluive a length aiqjroxiinating to 60 H is 
inipossible, ofio or more p»rfoi'ated diaphragms should he placed across 
the stream so as to sleady tlu! motion as far as possible. 

0. Accmat(i determination of the head II. To measure II, water 
should if possible be run off by an auxiliary chantud until exactly level 
with the notch sill. This le.ve.l mSy be *le,Jerminod with great accuracy 
by observing the reflection at the surface in the immediate neighbourhood 
of the sill, since the absence of any curvature of the surface at this pointt 
indicaU'd as it is by non-distortion of reflected objects, shows that the 
correct levad has been obtained. This level may tluin bo read off, either 
for rough work on a graduated staff fixed v(!rLically in the bed of ’the 
siream some (i or 7 feet above the, W(ur, or on a hook gauge (Eig. 153), the 
point of which is adjusted until (ixactly in the surface. 

A preb'vable niiithod consists in driving a stake Rito the bed of the 
stream above the weir until its upper end is below the level of the sill. 
This carries a short vertical wii'(‘, which may be filed down, until, as 
shown by straight edge and levid, its t)oinl is exactly lev(d with the sill. 
The water level may then be adjusted with gnail accuracy until this 
point is exactly in the surface when this level may be read off on the 
botd; gauge also adjusted until its p(u'ul is in the sui-face. 

When the weir is discdiarging steadily, the head can ho deternilucu, 
either by direct reading of the graduateil staff or by taking the reading 
on the honk gauge when ils lannt is again adjusled so as to bo in the 
surfaw! dare should be taken when using the graduated staff that 
allowance is nnide for the increase in height over the up-str(!am face of the 
staff, and the d(icre,asi! over the down-stream face, due to thei)iling up of the 
water which oc(!ui’s at a solid obstacle, h’or accurate work, measuremeuts 
of the bead,taken in a flowing stream are inadmissible. (Juite apart from 
the disturbance ]iroduced by any immersed object in such a stream, the 
nature of itsrflow which is seldom, if ever, perfectly steady, and the action 
of the, wind, pi'oduce oscillations of its surface which seriously affect the 
pos.sibilities of even aiiproximately accurate results. To reduce the effect 
of such oscillations and to avoid the disturbance caused by the presence 
of the gauge, observatiwis should he taken in a pit from 18 inches to 2 feet 
square, in communication with the main stream through a pipe one or two 
inches in diameter, opening cut flush with the hod of the approach 
channel, and perpendicular to the direction of flow. This was the method 
adopted by Bazin, the pit being situated about ]6'5 feet alrovo the weir. 

By this means, using a hook u.iuge fitted with adiusting screw and 
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vernier, results accurate to r.jjof an incli may be easily obtained; and with 
practice the possible error may be reduced to about ofan inch. Note 
.should always be made of tlw effect of capil|iiry action in raising the 
ajijiarenl height of the surface at the hook. 

Where it is iifipossible to stop How past the weir for this preliminary 
work, a vertical staff lixed near the W(!ir face on its down-stream side may be 
graduated by straight edge and Je.veh'uo giv(i heights above the sill in the 
neighbourhood of the ,surfac(!. Thos(' heights mayth(ui bo transferred by 
means of a straight-edge and level to the measuring staff, or may be used to 
give the datum level to which to adjust the zero reading of the hook gauge. 

In selecting a formula for use in any ))articulai' case, it should be 
remembered that that of Francis gives accurate results tor weirs with 
perfect bottom contractions and with heads above (> inches. The formulae 
of Smith, Fleley and Stearns, and liazin are belter for very small head.s, 
or wdiere, the bottsm contraction is imperfect, this oleinent holding to 
decrease the discharge being included in the larger velocily-of-approach 
correction. Ihider such circumstances Bazin’s formula is probabli most 
reliable. 

Although in expert hands the method of measurement by weirs )vill 
give results which may be relied ujion as correct witbin about ‘2'0 per 
cent., this degree of e.xaclitude is not to be oxjieclcd with any but the most 
■^u-biul measurements and consideration of the special conditions of each 
case. 

Am. (iO. —Time ok EMrANO a Vessei, TiiiinuGii a L.timn Oinricu. 

If the orifice be situated in the horizontal base of the vessel, the . 
formulae relating to the time of discbaige are the same a.s those fora 
^mall orifice (p. 121). excejit that now the elfect of the vidocity of approach 
is to be taken into account. Thus if = area of icna coulraiiii and A 
that of the vessel we have the velocity of etllux corresponding to a head 
II, given by _ 



r‘2//II 


V = c. 

\ 

h-t 


'1 ri „ 

a, 1 2 H 


, 7 / 

'V'-c 

0 ) 

( \ ( 1 , V 
A \'^ 1 - 

J II 

'A'^ 

( 2 ) 
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And on intci-i^iUng \\o have, ii I = h - fi.tlie lime necessary to lower 
lie surface tliroii^li the distance Hi — Ih, 

tv «, n/ ^ ' 

= ‘2 ( u} _ 11 } I (3) 

(' j •! % 1 ^ > 

vhore C — coeftieient of contraction for the firifico. 

With an orifice in the veitical side of a vessel the effiict of the variation 
,{ velocity at ditVerent depths in the orifice innst he considered. 

'I'hns with a lar;.;e rect insular orili ai of depth d, the rate of discharge 
it the instant wlien Lh.! head of water ahove the upper edce is 11 |■e3t,.l^; 
aiveii hy 




/ J^(// + <lf — ii“J cubic feet per second 
= r>-H> C h ^(// + (0" — //■] cnhic feet per second, 
and the velocity of fall of the surface ( - is therefore equal to 
j^(// + (l)^ — /I'J feet iier second. 


o'Tl) f ’ li 

Ti 


Thus equation (1) above heeonies 

1 II r -I—/• y ( 7 


dJI 
d I 


5-7C h 
A 


'^ll+df-TI^ 


and on inteRratino this between the re.piired Innits, the tmio occupied in 
lowering the surface through any required distance may he fouiah 
Time of lowering the Level in a Reservoir through a Rectangular Notch. 
With the iisiial notation, the vcdnine discharged per second with a head 
H heliind the notch is given by 

^ a 

Q = K h 11- cubic feet. 

At this instant we have the velocity of the free surface in the reservoir 
given hy 

_dH _ 
dt " A 

Integrating this, the time (ti - seconds, to lower the lavol through a 

distance Hi — Hi feet, is given hy 

, , X -it bcconds. 
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KxamI'LKS. 

(1) A lock, 1,01)0 sijuiH’c feel area, ia filled through a suhinerged orifice 
3 feet long hy 2 foot deep, fho depth of watSr above the centre of this is 
initially 1!) feet on tht! outside and 7 f(!(!t on the inside. Assuming a 
coefficient of discharge of -(11, detei-iniuo the time occupied in filling the 
lock if the outside hivel remains constant. 

Annwer. 28(! seconds. 

(2) Assuming the levd on the lower side of the above lock to remain 
constant, determine the time of emptying the lock, the sluice being the 
same size as on the entry sidif. 

. , Answer. 2.3() .seconds. 

(8) Using Prancis’ formula, determine the discharge over a rectangular 
notch !!(! inches long, and with heads of 3, G, and 12 inches. 

(«) 'With no side contractions 
(/') „ one ,. „ 

(c) ;, two ,, „ 


Answer. 


d 

h 




.1 inclics. 

1 

______ 1 

iiu'lic.s 1 

12 im'l4(“< 

1-2.') c.f.s. 

o-.'i.d c.f.a. 

10*0 

1-21 c.f.'^. 

3-17 c.f.s. 

9-GG c.f.s 

1-23 c.f.s. 

3 41 c.f.s. 

9-33 c.f.s. 


• ) 



(4) A submerged weir, 10 fcjit long, has a depth of wafer on the up¬ 
stream side of 17 inches, on tho down-stream si,de of 9 inches. The 
velocity of ajiproach = IdlG feet per second. Assuming the head equiva¬ 


lent to this velocity of approach to he given by= 1'4 -- 

' V 2 //’ 


determine,the 


discharge in cubic feet per minutr. Assume r. = -592. 

Answer. 3,090 cubic feet per minute. 

(5) Show that in a triangular right-angled notch, discharging, from a 
tank of sectional area .4 square feet, the time of lowering the surface level ’ 
from Hi feet to lit feet alwve the vertex of the notch is given by 
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j 1 

C s/'i;} ini 



Kcconils, 


nd takiiiR C = 'fiyi! dotemliiie the time of linvorittg the snrfiicc level of 
, tank of 5t)0 siiniire feet sectional area from a depth of I'S feet to I’O 
set above the vertex of the notch. 


Answer, t (10 seconds. 

* • 

(6) Find the time required to em])ty a swBnmiiig bath through a flat 
;rating in the bottom of the deesp end. 

Depth of water at deep end = 6 feet. 

„ „ shallow end = 3 hiet. 

Length of bath = 30 feet. 

Breadth = 30 feet. 

Area of grating = 2 square feet. Coellicie-nt of discharge '(IS. 

Answer. S'.Ki seconds. * 

(7) Two cylindrical tanks A (5 feet diameter) and B (10 feet diameter) 
ire connected by a short pipe 4 inches diameter with bell-mouth inlet. 
\t the beginning the level in .1 is 10 feet and in B is one foot above the 
ientre line of the pipe. In what time will the surface levels be the 
jaine 7 


Answer. iUd seconds. 
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Fluid Friction—Froudc’s ExpcniiiLMils—Knctioa 

t 

Art.' 61.--ri.uiD Friction. 

Whrnrvku a liquid flows over a solid surface, or wlieii a suflinergerl 
plane moves in Ibo diroclion of its leiigtli through a li([uid, a rosistanct 
to motion is experienced. This is connnonly tonued fluid friction, and 
should not he confused with the wave-making resistance which is experi¬ 
enced owing to the formation of surface waves, when a partially submerged 
body is in molioi;. 

Though initially due to viscosity, the laws governing Ib.iid friction are 
usually very different from those of sim)ile viscous nwistance, because ol 
the fact that except at extremely low spee<ls the motion of tho fluid 
becomes unsteady, eddies are foriue<l, and tho energy absorbed in fluid 
friction now chiefly consists of the energy of formation of these otldies. 
This energy is finally absorhiid in overcoming the visiums resistance of 
tne fluid at points remote from the surface at which the eddies are 
generated. 

As previously indicated, the laws of fluid friction for a liquid for steady 
and unsteady inoti;)ii are4(fidely different. 

With Steady Motion Stream line Motion;— 

(1) The frictional resistance is directly proportional to the velocity. ‘ 

(2) Is sensibly independent of the pressure in the fluid. 

(3) Is directly proportional to the area of tho wetted surface if this is 
largo, i.e., it the resistance is not sentibly affected hy the acceleration of 
the fluid at the leading edges of the surtaco. 

(4) Is independent of tho nature of the wetted surface.* 

(5) Is directly proportional to the viscosity of t'fio fluid, and so varies 
greatly with temperature. 

These laws may be most easily verified by experiments on the flow of 
water through capillary tubes. * 

With Unsteady or Eddy Motion :— 

(1) Tho frictional resistance varies with a higher power of the velocity 
than the first, and is usually approximately proportional to V^, 

<2) Is independent (within wide limits) of the pressure in thb fluid. 
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(3) Where a submerged plane moves throiigb still water, the resistance 
3 not proportilnal to the area of tho surface, but, per unit area of the 
urfaco, decreases as the length of tho latter increasos, and approaches a 
awer limiting value. In the case of flow through a piiic, the length is 
tsually such as to allow of this limiting constant value buing attained, so 
bat here the frictional resistance does become practically proportional to 
he area of the wetted surface. ^ 

(4) Varies with the nature of the wetted Enlace. 

(5) Varies only slightly with temperature, but is proportional to« 
iomo power of the density of the Iluid, usually slightly less than 
he first. It is usually assumed to be directly proportional to tho 
lensity. 

By far tiu! most important series of exjieriments to determiile the 
resistance to the motion of submerged jdanes, are those carried out in 187'2 
1)V Mr. hroude, at Tonjiiay. Il(!re a seiios of tbit boards, having 
lifferontly prepared surfaces, were held vertically and suspended from a 
carriage which was driven at an uniform speed, and were thus towed 
endwise through the still water in a larges basin. The carriage was fitted 
with a (Ivnamoimder and automatically recorded tho V(docity and resist¬ 
ance of tlu! board. These boards weiu! yi; inch wide, Iff inches deep, and 
varied in length from 1 foot to .'iO feel. Tho top edge was submerged to a 
dei)lh of 1^ inches and the boards wore fitted with a cut-water,. the 
re.sistance to Ibis being determined separately. In these experiments 
Mr. Fronde determined that— 

(1) Tho resistance varies greatlv with tho condition of tho surface, the 
resistance for boards TiO feet long at a velocity of 10 feet per second being 


with a coating of 

I Varnish or smooth paint ol sucli composition as 
is found on the bottom of iron ships . 
Tinfoil ....<••• 

Fine sand. 

Calico. 

Sand of medium ccftirscne.ss . . . . 


•‘250 lbs. per sq. ft. 

•24() „ 

•405 „ 

•470 

•488 „ 


(2) Tho resistance is pro])ortional to v", whore 
( (tt) depends on the surfaces, 

n I (h) decreases, up fo a certain limit, with an increirse in lungih, 

I (c) is sensibly independent of the velocity. 

(8) The total resistance increases with the length, though the rc.sistance 
per square foot decreases as the length increases. 

Writing: Resistance — f S v’' 
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Fl(i, 91. 

•0 iS = area of surfaee, it was found that 
(rt) depends on the .siirfuee 

(h) decreases witli an increase in leiigtn, hecomiiif; approxiinatelj 
constant wlieu tlie length is largi;. 

I (c) is independent of the pi-essnni. 

I (d) is proportional to the den.sity of the fluid and diminishes very 
1 slightly as the teuipei'ature increases. 
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Tlie fact Dial tliti resistaiico per sipiai'e foot over the aft piii't of the 
surface is less than at a point nearer Die jirow may hi, explained ns 
follows,' The lir.A j)ortion of the surface, in jrassing through the water, 
expciriences resistance, .1 ml communicates motion, in its own direction, to 
the water. The riiccei'ling p irtion <if the surface, is then ii: contact with 
a body (it water having a smaller relative velocity, and hence producing a 
sniallei resistance jier unit area, while it w mid appear that the wdocitv 
of the accompanying current increases until at some [loint in the surface 
a balance is (ditained hetw.icn the amount of energy given to the 



LenijLh tn Feec 
^ Fifi. . 12 . 

accompanying stream per second, and the energy dissipated by eddy 
formation in the surrounding fluid and in jn'oducing motion of a greati'r 
d'olume of this water against viscous resistances. After this iioint is 
reached, the velocity of the accompanyiyg current and the resistance per 
square foot of surface remain approximately constant. It will be noted 
that the mean resistance ])er souarc foot of area diminishci very slightly 
lor lengths above .50 feet. 

A short rwtme of Mr. I'roude's results is givim on p. 17fi, these parti¬ 
cular ex])criments being cai-ried out at a v(docity of 10 feet per second.' 

Carves (Figs. 00 and Ol) have been jirepared from the results of these 
experiments, and show respectively the resistance with length at constant 
speed, and with sjieed for a given length, for a varnished or painted iron 
surface In Fig. 92 values of yin the formula, l!e,sistauce = /’.S'have 


> From the British Association Reporl, 1874. 
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been plotted from the experimental results tor a painted iron surface for 
lengths u]) tdl50 feet, and the curve thus obtained has been produced to 
give approximate values for lengths up to^380 feet. 

The results may thus Be extended for a|ii)lication to the determination 
of the frictional resistance of vessels of great length. For ships, the 
value of « may be talien as 1'83, and the following table indicates results 
obtained by exterpolation from tlje above curve 


Lent<tli in feet. 


no 


Values 

nf./' 


With the unit of velocity = I 
1 foot ]ier s(!C. . . . ' ‘OO.'lTl 


With the unit of velocity = 
1 1 Iniot = !•()!) toot per sec. . 


•009(18 


loo aoe I 300 


■OOltOl -OOSoO 


00941 -00929 


'•00353 


•00922 


The following values of/are given by J. Hamilton':— 


(\)pper Bheathing. 


1 

iLtth in feet, j 

Irofi bottom 



([laiiited). 

Smooth. 1 

Hough. 

200 

•00944 

•00943 

•01170 

300 

•00923 

•00930 

i -01152 

400 

•00910 

•00926 

1 -01140 

500 

•00904 

•00926 

•01136 


Airr. G2.—Disc Friction. 

The resistitece to the rotation of a disc in water at high speeds is of 
importance in the design of centrifugal pumps and turbines, the energy 
expended in overcoming such resistances amounting in the case of some 
high-speed pumps to as much as 15 jier cent, of the total energy given 
to the shaft. 

Them'y nf Disc liesistawe. 

Assuming the resistance of an elementary ring of mean radius r and of 
radial width Zr to be given by/. 2 v r Zr . v”, where /'is a coefficient of 

^ “ Inst. Naval Arclijtecta, ’ Maicb, 1898. 
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fi'ietioii and i’ is the vcloeily of the element,* then if w is the ‘angular 
volocitj of the disc in nidians iku' second r — oir, and llie i/oment of this 
resistance = 2 -/' w" ‘ ^ hr. .Then the moment of resistance of the two 
faces of a di.'C having a radius of I! feet 

= 4 r" <1 r foot Ihs. 

_ 4 ITfoot, Ihs. 

II + ii 

‘ Assuming the resistance of the edge of the disc to follow the same law, 
and therefore to he given hy 2 tt h ./w" Ii" ' *, whei’e b is the breadth in feet, 
the total moment of disc resistance, M, will he given hv 


M-inJ 

Effective Radius. 


Jl” Ii 


2 It 


+ h ' fool Ihs. 


\ll + h 

AVritiiig the resisting monieiil as 
4 ir/w" 


n + :■{ 


. Ill " ' ■’ foot Ihs., 


where Iti is the (dlective radius of the disc, i.c. the ladius of an inlinitely 
thin disc giving tlu! same resistance!, then 


III «• 


' + 


(ii + ; i ) h /.“”** 


/> — ^ 1 4 - ' 

III - . 1 + j, J 


if b is small compared with# It. 

l>r. IP.' (1. Jliiiriii has carried out a series of experiments on discs 10, 
1.') and 20 inches diameter rotating inside a easing whose side cleirance 
could ho varied from 1‘5 inches to (! inches.*' The imiximum s])eed 
attained in thi‘se experiments was ahout 470 revolutions per minute. 
More recent experiments hy A. Ityan and the author have extended these 
speeds up to 2,200 revolutions per minute on discs of 9 and 12 inches 
diameter.® 

In the apparatus used in the latter exjieriments a horizontal, motor- 
driven shaft carries the disc to be tested. The shaft passes through 
easily fitting hus'ies in the side.s of a casing surrounding the disc, as 
shown in Fig. 93. 


^ The friclion jx'r s<|iiarc foot at a vdonity v feet per uecond is, from this detinitiou. 

'■* “ IToe. Inst. vol. tiU, lSSr>, p. 221. 

* “-Proc. lust. (J.y.,” vol. 17it, lyu9-K), pt. 1. 
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The casing is prevented from rotatiiif;, and its tendency to rotate, 
wliicli is equal to the resistaiici! to rotation of the disc, is nn^asiired by 
weights ajipliod to a Inyigcr on the one side, and Ijy a light spring 
balance supporting the other side of the casing. A long, light 'pointer 
attached to the casing and work¬ 


ing over a graduated scale serves 
to magnify the readings of this 
balance. The two parallel side.s 
of the casing are provided wilh 
adjustable plates wilh dilhaent 
surfaces, and are separated by a 
series of cast-iron rings 111 inches 
in internal diameter, thtise form¬ 
ing the body and enabling the 
side clearanc(! to he varied at will 
from i inch to inches. 

Si.K plain discs in all W(!re 
examined, these being either i) 
inches or 12 inches in external 
diameter and about()'2inch thick. 
They wore formed of ])olished 
brass, of rough cast-iron, and of 
rough cast-iron ])aintod and 
varnished. The surface of the 
rough cast-iron discs was hdt as 
received from thi! foundry, except 
that all outslauding roiighiuiss 
was drc'Bsed olT. These would ho 
considered oxcollent castings and 
had a comparatively smooth skin. 
After being ,usod they received 
two coats of quick-dj-ying varnish- 



FlU. !I3. 


paint, and were then used for the 

third series of experiments. Each disc is cari'ied on a central boss 


IJ inches in diameter #iid inch deep. 

The results throughout wore very consistent, and there is no reason to 
suspect an eri'or of more than .about 2 per cent, in those*of any series. 
Variation of Disc Eccistancc with Temperature.—As it was recognised 


that it would be im))oasible to carry out a series of experiments without 
Boino variation in the moan tempcr.iture of the water, preliminary 
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experiments were made to determine how such a variatioji affected the 
resistance. 

A possible law of such variation may he deduced from purely theoretical 
considerations, the only assumptions made being that the resistance of 
each element of the rotating surface is jiroporlional to the same power 
n of its velocity, and to some power of the viscosity n, and of the density 
IV of the fluid, both of which vary with temi)eratHre.‘ 

< On this assumption it may he sliown that the resistance, other things 
being equal, is, as in the case of pipe flow, probably proportional to 
- 1 ^ where n is that power of the velocity to which the resistance 
at constant temperature is pro])ortional. 

For the purpose of determining the temperature variation three sets of 
experiments were carried out, using respectively a 12-inch brass disc in 
a machine iroiied casing, with 14 inch clearance; the same disc in a 
rough cast-iron casing, with 4 inch clearance; and a 12-inch disc with 
radial vanes | inch deep and with inch side clearance, in a j)ainted 
and varnished casing. The values of n were detenu inod in each case 
from a second set of experiments carried out as nearly as [)ossihle at 
constant temperature, all the results being coirected to 65" P. by an 
application of the foregoing hypothetical formula. This involves the 
method of successive approximation for finding the true value of ii, but as 
the temperature corrections were small (never above about 2^ per cent., and 
generally very much less) the first approximation, differing as it did from 
the true value by not more ^aii 1 per cunt., was in general sufficiently 
accurate. In this way the following values were obtained:— 

Senes A. 

12-irich brass disc in smootii ciimii;' .1J inch clearance, fi -■ 

, Series Ti. 

12-inch „ „ „ rough cast-iron ensing . . . i „ „ 1*800 

Senes C. ^ 

12»inch „ „ williradial \ancs.§ „ , w — 1*050 


The results of the temperature-variation experiments, are then as 
follows 

Skuiks a.- 1,400 revolutions per minute. 


Temperature “ F. 

1 tl5 

72 i 

j 

71 

80 

05 

100 

♦ 

100 

118 

! 

12S 

uo 

Resisting moment \ 
((o(»t lbs.) . .J 

1 

; ;t*270 

1 

1 :p2o;r 

:(*ioi 

;mi7 

:t-oo2 

208(; 

2!»20 

2\S04 

2-803 

2-701 

i'atio to muinent ) 
at 0.5'^ F. . •) 

1 

j 

1 

0 077 

n*H7:ij 

1 

0*0.*,0 

0*015 

1 

o-oid 

0 S!>0 

I 

(I s.s:i 

II sr>5 

1 N. 

0-82.7 

\ 


» r.y the theorv of dimensions. The raetboe,’ is aptilicd to pipe flOA\on p. 108. 
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Seeiks B.— 1,175 revolutions jier minute. 


Tcmpeiature ° F. 

<)5 

• 

78 

08* 

101 

1 

115 1 i:u 1 

1 1 

150 

Mmnont (foot lbs.) . 


2-HlM 

2-211» 

2-257 

2 i‘rr. 

, 2-010 

Uatio to motuciit al K. 

1 00 

o;nm 

! 0-008 

0 oio 

(1 877 0-850 

0-810 



• 

1 

o 

i 

! 



Skeies C.- -i,(l50 revolutions per minute. 


Totni>erature ° F. 

CO 

7(1-5 

1 

100 

j i;f2-5 

! • • 

Moment (foot Ihs.) 

1 

c-ico 

C-377 

(>•215 

1 (i-i;i8 

Ilatio to moment at (>5 F. 

Doo;) 

o-osu 

•I 

O'Oii;! 

1 0-950 


In lulditioM to tliese, a niiinlier of e’i]i(ii'iments l)y Dr. W. 0. Unwin 


on a disc having ii 

— 1-K,-| are available. 

. These i 

ire as follows: 


Teinperalnre " F. 

■11-2 

53-0 

70-1 

130-5 

I’esistance . 

0-1215 j 

i 

0-1110 ; 

0-1112 1 

0-1003 


For tlie salic of comparison tlie whole of the loroH:oiii)' results have 
been idottoil in Fi;;. 01 against the curves representing the relationship, 

I jU 1 ^ ( H'l ) " " 1 

r!eBi.stance at t' F. Uesistanco at (>5" F. X . , • i S 

tr'iB' l»'iir.) , 

for corresponding values ol ii. From these it appi^ars limt the theoretical 
curves lit the evperinienlal results remarkably closely, ijuite sufficiently 
closely iudeeij^ to justify ihe adoption of this formula. 

To render the series more complete the theoretical curves for u = I'O 
and n — 2'0 have also been added. 

The results s1b)w that the resistance diminishes with an increase in 
temperature, the amount of the variation with a given temperature- 
difference increasing as the temperiiture diminishes and also as n 
diminishes. Its value in the neighhourhood of ().5° F. with a polished 
brass disc (» = 1'8) is a,hout one third of 1 per cent, per degree Pahr. 
When 11 — DO this falls to omi-seveiith of 1 ])cr c(>nt. per degree Fahr., 
and when a 2'0 it hecoincs inappreciahly small. 
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Experimental Besnlts. 

The main results of the ex{»erinieiits are given in the talila opposite; 
III tliis tlie values of n were obtained from curves ropreseiiting logarithms 
of the resisting' moments in foot lbs., plotted as ordinates against 
logarithms of the revolutions per minute. Speeds varying between dflO 
and ‘2,200 revolutions per minutij wiira used for the dclerniinations. 

From these results it is apparent that in no case does n attain a value 



FlO. 1)4.—V'anntion of l)isu llc.sisitnice willi Timijicialuro. 

/ 

so high as 2, its maximum value, even with a rough cast-iron disc, being 
only I'DIT). A eomiiarison of these results with those of Dr. Unwin 
shows thi'.t in every ca.so the values of ii obtained by the bitter experi¬ 
menter, at speeds between 07 and 050 revolutions per niimito, a,re higher 
than those obtained by the author rt these greater speeds. The 
following table indicates tho diilcrent values obtained with varioii.s 
discs:— < 

V.uains OK “n” with H.mootii Casino. 




r.iililDil ;m<l 

"ll’C. 


J'ulislicd linist (IiM-. j 

\.•lMll^ilt‘(l,casL-llTm 
llisf. j 

1 

Unwin, 10 inch . 

1-8.5 * 

1 1 

1-1)1 i 

<!-00 

Author, 12 incl, . 

1-70 1 

1-707 1 

1-808 

,, !) inch . 

l-HO ! 

1-83 

1^5 
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From this would apuoiir that« is not a constant for all s])eeds, but 
diminishes slightly as the speed increases. 


llKhCLTH OK EXPK.KIM ENTS. 


Sido 

cloai aiici- 


Inrlms, 

I h 


rolfslM-«l 1'] ■'! 
,||5(' 12 iiicIh's 
11 ) ilianictci' 


<liaiiiel(T 


(.isf'ii"ii 
itlsi' 12 lllcIlC!' 
u> •liaiiietc) 


I 

Ditto 9 inclu^l 
(iiaincicr j 
I'auitnl iitul var* ( 
jiishod casl- 
irou tliw. 12 
im'liosdiametcr 
l>i(l() 1) iuclicul 

iliametur j 


12-i)ir,h Ijrass <lisc' 
with four r.a<lial 
vanes on e.. 


lioii;^]) cast-iion 

CilhlllJ' 


rainU'd cast-inm 
casing' 


Smooth motal 
ca-'iiiL' 

I‘UII)U‘<1 cuMiip 

Uoii^li «;:ist-irun 
oasiiii; 

I’aiiitod cast-inm 
caMtit? 

li'iiiirl) «;a.''l*iroii 
casinjjwitli l\vt‘ 
COnoc 1111 1 !• 

baHlos { moll 
tltM'p on each 

I s-ido 

I’, lilted casing 

Itoiigli cast-iron 

I ra.sin^ 

' I’aiiitcd casl-iion 
* casm" 

J'aiiita) cfsing 


\’nnos \ iiK'h dccji 


face, in painted ! Vanc'J-inch deep 
casing ' 


U 

i;i 

A 

>i 

I1 

!« 

i 

t 

H 

IS 

H 


li 

IS 

s 

u 

IS 

Hi 


6 

14 


I 14 


('|(>HTanrr* 

ii\ri v:iiH’'>' 


• 


Moment in 

l-’nclmn m Ihss. 

J)(T MlU.-il r lltOl 
:it III) oiwroqc 

Value 

Vuliw 


hl'i’i’il of 

Ol “ 11.“ 

Ol "J." 

i’\l>lllll<>lls 
HT iniiiut'’ 

III r.fl- 
pi-r si-c. 

fill Ifi't 

)er bee. 

l-sno 

0-9<'>|09 

9 772 

0 209^ 

1-72 

1 son 

0 90122 

9 8110 

9 208 

4-SO 

1 -slo 

(MMIM I 

9 950 

9 -'r.o 

4-9S 

l-S(10 

0 90192 

9 981 

9 271 

4-99 

1-SOO 

0-tl9l7l 

t-9(;7 

<»99] 

5-40 

1-792 

9-oo:u;o 

9-119 

9 222 

9-92 

1-7!17 

0-(K);i59 

3-251 

9-22‘i 

4-97 

1 SK) 

0 0995(> 

3-390 

9-291 

4-27 

1 son 

9 00959 

3-308 

9-228 

4-14 

i sii; 

0 9991C* 

3-911 

9 227 

4-22 

1-S09 

0-I)9979 

9-159 

9-299 

4-49 

1 -TS.*, 

0-09198 

9-772 

0 207 

4-79 

1-772 

9-90121 

3128 

(I-2.M 

4-97 

Iwtih 

0-09171 

3-759 

0-27.8 

4-78 

1-S30 

0-0():i42 

9-9959 

0-292 

4-42 

1-912 

9 00909 

4-985 

9217 

5-31 

1-9 If) 

9-09991 

1-457 

9 259 

5-40 

1 912 

9-90297 

1-915 

0-214 

5-25 

1-915 

9-99992 

4-107 

9-251 

5-12 

1-79S 

tl-09|2S 

9-880 

0 279 

4-H5 

l-h07 

(l-Od-l-ii'i 

4-918 

9 279 

5-99 

1 SI 3 

999121 

J-998 

9-278 

5-11 

1-S18 

0(K)11(> 

■1-018 

0’27:i 

5-02 

l-8fi3 

0-99997 

4-905 

0-2111 

5-38 

i-88;i 

0 

4-905 

0-2(11 

5-98 

1-H5U 

9-00372 

1-099 

0-209 

5-15 

I S50 

0 00359 

9-959 

0-219 

4-t*9 

1 795 

9-(M)9rd 

i 9-292 

0-290 

4 •().■. 

1-79S 

O-09974 

1 9-954 

0 291 

4-21 

is;t(i 

0-00340 

0-8995 

0-221 

4-2f. 

J 

1-919 

0-00909 

19-90 

0-790 

ir.-77 

1 !I10 

9 9l9t;7 

j 15-95 

o-si;i 

18-00 

1 -It.'itt 

0-(l9(>i;s 

1 11-22 

9 598 

13-74 

1-959 

(l■(l()l;s7 

! 11-50 

0015 

14-14 
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Power absorbed in Disc Resistance.—Since the resistinj^ moment is 
given by- / foot lbs., tlie work absorbed in overcoming tbi.s 

-f" O • I 

4 77 /* ^ 

resistance is given by ,j /t,"' ■' foot 11)'^. per second 


./TT.Vr" 

"A ho) . 


following table indicates the magnitude of the borse-power 
absorbed at l,r)00 revolutions and at 2,000 revolutions per minute, in a 
few typical casus with a inch side clearance 


Ilmtsii-i’DWEit ABsnuiii:i). 



Effect of Roughness in SurJ^e of Disc.—The table on p. 187 shows com¬ 
parative value.s of the resistance at 1,.500 revolutions per minuto as 
affected by disc rougbnoss, tlie resistance of a polished bi-ass di«c being 
taken as unity lor each typo of casing; 

<' From these results it appears that at this speed the resisiance of a 
polished brass and of a painted cast-iij)n disc are practically identical. 
At still higluT speeds the re,sistance of the jiainted disc becomes pro 2 )or- 
tionately greater than that of the polished disc if the interior of the 
casing is rough, and becomes proi»rtionately less at .lower speeds. In a 
jiainted casing, however, the relative I'esislances are the same for all 
speeds. The relative resistances of a rough cast-iroii disc and of one 
made of polished brass dejiend largely on the clearance, the 
roughness of the casing, and the speed. In a rough cast-iron casing at 
1..700 revolutions jier minute the resistance of a rough disc varies from 
about 1'12 times to l’0;i times that of a polished dis.;, as the clearance 
varies from ^ inch to 2J inches, while in a smooth nainlcd casing the 
ratio varies fr.mi 1‘iy,’) to 1’22. 
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It may be tajien tliat in a rou”h cast-iron casing a rnugli cast-iron disc 
gives about 10 per cent, greater resistance at this speed than one which 
is polished, and that in a minted casing this is increased to about 20 per 
cent, greater resistance. 

Owing, however, to the higher value of n in the case of a rough disc in 
a rough casing, its resistance increases more rapidly with an increase in 


COMPAUATIVU KEHISTANCES WITH Vauioiir IMses. 


— 

Polished 

disc. 

Painted find 
Mltllislied 
cast,-lion cti.se. ^ 

Polish 

easi-iion 

disc. 

« » 
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speed than does that of a polished disc. In a smooth casing their 
relative resistances arc jiracticalty inde])endont of the speed. 

Effect of Eottghness in the Surface of the Casing.- The comparative 
results obtained with the three surfaces at li.'iOO revolutions per minute 
are tabulated on p. 188, the resistance in a painted and varnished easing 
being taken us unity for each tyjie of disc. 

From these results it appears that with such clearances as are found in 
practice the ^cct of a roughness of the casing in increasing the resist¬ 
ance is as great as .that of the roughness of the disc in fact, a painted 
or polished disc in a rough casing gives, within about 2 per cent., the 
same resistance as' a rough disc in a painted casing. The relative effect 
of the roughness of the^casing is more pronounced with a smooth than 
with a rough disc. 

Effect of a Variation in the Clearance of the Casing, flie comparative 
results as affected by the side clearance between the disc and casing are 
given in the Table on )). 180, the res'stance in each case being expressed 
aS a multiple of that obtained with the minimum clearance adopted with 
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the partienlar disc and casing under consideration. The gpeod was 1,500 
revolutions per iniinito througliont. 

From these re.siilts it ai^pears that in practically every case the 
minimum resistance is obtained with the minimum clearance, and that 
relative increasdd resistance with an increase in side clearance is much 
more marked with a smooth than with a rough disc. With a rough 
cast-iron disc indeed, and with,clear>.nces from § inch to 2J inches, tlie 
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resistance apj.ears to vary very little with the cleara,)jce, whethei- with a. 
rough or a smooth casing. One rather jxiculiar feature of tin; results 
obtained with a smooth disc in a smooth casing, and to a smaller extent 
with the rougher discs and with the rougher casing, is worthy of note. 
This is, that as the clearance is iiicrea.sed from J inch, the resistance at 
first increases, then diminishes, attaining a minimum valye with a clear¬ 
ance of about 1§ inch, and afterwards appears to increase rapidly as the 
clearance is increased to 2i inches. The following is offei ed as a possible 
explanation of this phenomenon:— 

In considering the simple theory of disc-resiijtauce it is tacitly assumed 
that the water dragged around with the disc travels in concentric paths, 
each particle remaining at a constant distance from the axis of the disc. 
In a closed easing and with side clearances so small as to lead to a non- 
sinuous motion of the water this would be the case; the index ii would be' 
unity, and the resistance would be duo to simple viscous shear of 
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auccessivo layers of the fluid. Under such conditions the resistant ' 
would decreas/j'as the cleiiriuico was increased, until the latter became b®U 
large that sinuous motion was set uf). With any chjarance large enough 
to satisfy practical reiiiiirtfliients, however, the motion is sinuous, and.j 
disc-resistance is modified by the fact that the w.iter ncar(!st the disc is 
thrown radially outwards by centrifugal force, so that a circulatory , 
current is set up, this passing ra(|ially outwards along .the face of the 

* • 
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disc and inwards over the sides of the casing. Duo to this current, 
(uie.rgy is wasted, firstly from fidction at the sides and outer periphery of 
the casing, and secondly, from hlie formation of ciddies caused by the 
relative motion of the radial outward and inward curi'ents. 

Considering *0111/ the first of these causes, it would appear that 
the resistance should increase steadily with an increase in the side 
clearance and surface area of the casing; but with a very small 
clearance it is probable that the circulatory current is only slightly 
apparent, and that as tli? clearance is increased its magnitude, and the 
loss of energy which it involves, will at first increase ratligr rapidly. A 
further increase in the clearance, by giving more room to the currents, 
diminishes their relative velocity at a point midway between the disc and 
the casing, and it is conceivable that there will be some definite clearance 
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jj)r which the reduction in the eddy loss due to this relative motion may 
jixactly counterbalance the loss due to an increased area oT the surface of 
the casing. As the clearancp is further increased the impact loss will 
diminish until the effect of surface friction* l)ecomes the all-importaht 
factor in producing the resistance. 

To determine whether, hy the use of concentric circular baffles fixed to 
the casing, the circulating currents .fnight he localised so as to reduce 
their effect, two series of expeliments were carried out with two such baffles 
in position on each side of the casing; these baffles consisted of rings 
respectively 5 inches and 10 inches in diameter and projecting J inch. 
The clearance between the casing and the disc was | inch in one series 
and 1 1 inch in the other. The results showed that while in the first case 
the resistance was unaltered by the baffles, in the second ease it was 
reduced by about 2 per cent. 

Effect of Radial JTanes on the Disc.—In turbines and centrifugal pumps 
having impellers of the open-varied type, or having balancing di.scs fitted 
with shallow radial vanes, it has usually been assumed that the increased 
resistance over that obtaining with plain discs is negligible. To tost this 
a brass disc, 12 inches in diameter, was provided with four radial vanes ■ 
on each face. Two series of experiments were carried out, one with vines 
I inch deep, and the second with I inch vanes.' 

The results of these experiments, as compared with those carried out 
on plain discs, are givep. below. 

The sui-prisingly high value of the resistance with these vanes is doubt. 
less due to loss of energy ijpr'eddy formation behind the trailing edges of 
the vines. 
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Effect of a Variation in Disc Diameter.—As indicated on p. 180, similats 
discs of different diameters and having clearances proportional to their 
radii, would have resistances proportional to the (n 3) power of these 

radii. 
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In the following Table the results from a aeries of 9-inch discs ii; 
painted cast-ifon casing with ^ inch side clearance, and running at 
revolutions per minute, are compared with those obtained from simili 
12 inch discs with 8imilai*(0’825 inch) ai5e clearance, the latter result)) 
being oblairied by interpolation from those obtained experimentally witl, 
g inch and with 1J inch clearance. As the same casing was used through-'^ 
out, the radial cliiarance was not, however, similar in the two cases, being \ 
respectively ^ inch and 2 inches. * • 

The results show that the resistances in these experiments are propor® 
lional to the {n -j- x) power of the radii, where x, instead of being equal 
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to 3, has the values 2-782, 2-7C5 and 2-741 in the respective series. 
From the last column of the Table it appears that the resistance of the 
small(!r disc is approximately 6 per cent, greater than would be the case 
if X were equal to 3, i.e., if the rddial clearance were proportional to the 
radius, so tliat a given increaso in radial clearance would appear to have 
appro.ximalely the same effect as a corresponding increase in side clearance. 

Eesults of Dr. Unwin’s Experiments.—For the sake of comparison the 
main results of these are given in the following Table. In them the speed 
varied between 66 and a.lO revolutions per minute, and for the values 
here given the virtual radius of the disc was 0-8488 foot. 

From the Table it appears that although the differences between these 
values of “/” and “ n ” and those obtained by the author are in some 
cases large, the values of the friction per square foot as calculated for the 
two speeds in every case agree fairly closely. 
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practical calculations, are given in the following Table. These values have 
been determined by a consideration of Dr. Unwin’s results at low speeds 
and the author’s at high sp^s. 
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One or two joints which have been brought out by the foregoing iigj^ 
gstigation would appear to deserve special note in connection with th 
ssign of pumps and turbines. • 

All clearances, side and radial, should be out down to the absolute'^ 
linimum compatible with freely-running surfaces. That this point 
eeds emphasizing will be evident from a consideration of Pig. 306, 
hich is taken from examples of moder*’ high-speed pumps by makers 
[ repute. The manner in which the disc resistance might be reduced 
ithout any accompanying drawback is indicated by dotted lines. 

The internal surfaces of all casings should be finished off as smoothly 
s possible and should be coated with a hard varnish paint or enamel, 
'he same applies to the surfaces of the discs. It would appear, further, 
:iat very little is to be gained by machining and polishing a smooth-cast 
iirface as compared with simply painting and varnishing it. 
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Pipe flow—Experimental Formulae— 1 >a.ey—Tlujjen — D’Aubuisson 1‘ronj— Kylelwein— 

Weisbach —Kutter —Kalumal fonriula for pipe flow—Keyuolflb—Fnwiii—Lawton— 
Thrupp—Tutlon- Values of/and T for variouf* pipes—Fire hose Kcsistanco with oil— 
Sand—Meaii velocity—Distribution of velocity—Measunirneiit of discharge—I’itot lube 
—Kelaiion of pipe diameter to volume discharged—Gradual and sudden stoppage of 
motion in an uniform pipc—Water lianinjcr. 


Art. 68.—Pji’b Prow. 

One very important effect of fluid friction is experienced in the resist¬ 
ance to the flow of“ water through a pipe. This resistance can only be 
overcome by a gradual fall of pressure in the liquid, in the direction of 
motion, and, reasoning from analogy to the resistance experienced by a 
plane surface moving through water, it might be inferred that, with 
sinuous motion, the total resistance It would equal,/ S r’\ 

! f depends chiefly on the surface of the pipe and to a smaller 
where-! extent on viscosity. 

j S = area of wetted surface. 

' n depends on the pipe surface, and is approximately equal to 2. 

Putting A = sectional arpa of pipe in square foot. 

„ P = length of perimeter of pip(3. 

„ pi — lh = fall in pressuro in lbs. per square foot over a length 
I feet of pipe. 

This becomes 

(pi—P2)^ = ,fPlv>' 

Pi-pi = flflv\ (1) 

Here 4- = - is termed the hydraulic mean depth' and is 

P perimeter 

commonly denoted by m, so that (1) may be written 

f I v" 

Pi-P^=-—• -(2) 

In the case of a circular pipe m = ^ - = T- = 4 , so that, if in 
‘ ^ ‘In r 2 4 ,, 

* If the tnftsa ot water in the pipe be imnjined as distributed over a horizontal surface of*,., 
the' nine area as the walls of the pipe, its depth will then be the same as the hylltanlic mesa 
.depth for the pipe. 
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;'i — j )2 as a difference h of head in feet of water, 

eauation (2} becomes 


62-4 m ~ ~ d ' 


(3) 


The analogy between the two cases is, however, not exact, in that, 
while with a solid moving through a large body of water any 
disturbance sot up at the surface ftiay be propagated over any unknown" 
distance, t)Ocoiiiing less marked as the distance from the solid increase^ 
and finally dying out altogether, any such disturbance in a jiipe has a 
strictly limited range of extension, but is in general communicated to the 
whole mass of water in motion. 

Where the motion through the pipe is everywhere steady, it is ecitirely 
governed by the law of simple viscous resistance and the conditions are 
accurately stated by the formulae of p. (if). Thus Poiseuille (1845), 
experimenting on tubes of very line bore (between '02 iCnd ‘JO millimetres), 
found the resistance to motion to be directly proportional to the velocity, 
and to the pipe length, and inversely to the a(iuare of the diameter, and 
deduced the law (see p. 69):— 


, , 32 )ilv 

loss of pressure = - . 

Many experimental researches hive been carried out from time to 
time to determine the law of resistance with sinuous or unsteady motion, 
and it is now jiroposed to consider the results of these somewhat in 
detail. 

Probably the most complete series of experiments is that of Darcy, 
who in 1857, experimenting on cast-iron ])ipes having diameters ranging 
from '5 inch to 20 inches, and lengths of 110 yards, concluded that the 
resistance is proportional to the length and to the square of the velocity 
and is inversely proportional to the diameter. Thus expressed, the law 
becomes 


h = 


vU 

cH 


c being a constant for any one type of surface. 

It was found, however, that this formula was not strictly applicable to 
all diameters of pipe, sSnee, as d increases, the resistance diminishes 
according to a slightly higher power of d than the first Darcy founu 
that, within the range of his experiments, keeping c a constant, th’ 

Id ) 


exponential value of d might be replaced by 


, and f 
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obtained the law 


h 


_ I 
~ d 



(4)' 


I where d = diameter of pipe in feet. 

•; „ r = velocity in feet per second. 

( „ h = head loss expressed int.feet of water. 

, Assuming, with Darcy, that the loss is i)roportional to the kinetic 
energy of the stream, and replacing d by its value 4 m, the above 
becomes 


7t = / ( 1 + A \ J (5) 

^ where/ = in which form the ecpiation is often stated. 

Darcy’s experiments, carried out on C. I. pipes, gave, in round numbers, 
the following values of the coefficient/. 

(For clean and bare metal surfaces . . . / = ‘005. 

iFor old and incrusted./ = ’010. 

Hagen (1854) deduced from experiments by Bossut, Couplet, tod 
Dubuat the formula— 


h 


- ^ 1-26 


( 6 ) 


but did not discover any ^w of variation of these indices or of the 
coeffieiept/, with the surface or diameter of the i)ipe. Most of the other 
formulae deduced by the earlier experimentalists are merely modifications 
of the formula— 

2grn 

or,,to put it in the form adopted by De Chezy— 

v = C Sp^. ‘ (7) 

The more important of these are stated below, and for ease of compari-' 
Bon have been reduced, where possible, to, one of these forms. Where the 
original formula did not contain the factor 2 g, in introducing this 'the. 
value 64‘4 has been adopted, and other numerical factors altered 
correspondingly. Dimensions throughout are in feet. 

Thus, D’Aubuiseon, Prony, and Eyteluiein assumed that the resistance 
motion is composed of two parts, one due to simple frictional resist- 
ce at the boundaries and proportional to the velocity, nnd the second 
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lue to eddy pfoductioii and proportional to v\ The constants a and b in 
ihe formula — 

^ { 1) + 0 ■c'® } (®) 

‘2 ;i m 

where/ = o + were then determined on this assumption. 

These values were as follows, 


- 

a. 

h. 

D’Auhuisson 

•00C70 

•00121 

Prony. 

•00()84 

•00112 

Eytelwein . 

•00549 

•00144 


I 


Wcinhaf]!, on the other hand, assuming the first part of the resistance 
a 

ju'oportional to r'^, obtained the formula— 


h = { ^ , where / = -00300 + 

2 n III •' V r 


(9) 


Adopting th(! sanu! formula, Bazin put/ == •002!)4 ^ 1 + ^ )> while 


Kiitter and Uiiiiguilli’t put 


/ = 04-4 


i ■ + r 


( 


Lhll 

^ N 


+ 41-6 + 


•002K1 I 


( 10 ) 


where N is a coefficient depending on the roughness of the pipe surface 
and varying from '010 to '019, its value for clean cast-iron or asphalted 
pipes being -013, for new riveted pipes -014, and for old pipes '019. 

These formulae, excepting that of Kutter, neglecting as they do any 
variation in iftaistance produced by a variation in the physical condi¬ 
tion of the pipe surface, are obviously only of value where the experi¬ 
mental conditions can be reproduced. Moreover the fundamental 
assumption in the formulae of D’Aubuisson, Prony, and Eytelwein, as to 
the resistance dopendmg*on two powers of the velocity, has been clearly 
demonstrated to be unsound by Reynolds. This sinca in every case 
where the logarithms of the resistances and velocities have been plotted 
these are found to lie on accurately straight lines (p. 53).® 


1 True at all events for the range of velocities common in practice. See also Saph and 
Seboder, “ Trans. Ain. Soc. C.E.,” Vol. 51, 
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Kiittoi ’fi formula, introducing as it does a roughness coefcient N, has a 
much wider range of application, and gives mucli more consistent results 
than those previously mentioned, from Hagen te Weisbach. This formula 
however, assumes the resistance to he always proportional to v^, whereas 
experiment indicates that for smooth surfaces the power of the velocity is 
always less than the second, and we are led to the conclusion that none 
of these formulae, while giving good results within their own particular 
Tange of aiiplicatiou, can be looked upon as representing the general state 
of affairs in pipe flow. 


AitT 64. 

A rational law of resistance to pipe flow, applicable to either steady or 
unsteady motion, was first evolved by Professor Osborne Reynolds. This 
is deduced on the assumptions that the resistance to flow along any small 
element of the pipe depends on the diameter, length, and surface condi¬ 
tion of the element; on the viscosity and density of the fluid; and on the 
mean velocity of flow through the element; and also that it depends on 
some power of each of these factors. 

This being so we may write 

Sp = /c . d* . p* . p’ . D* . (Sl)“, (1) 

where Sp = pressure difference in lbs. per square foot at two points U ft. 
apart along the pipe. 

„ d = pipe diameter in feet. 

„ p = coefficient of^riscosity of the fluid under the temperature 
" conditions obtaining in the pipe. 

„ Bl = length of element of pipe in feet. 

„ /) :=: density of the fluid. 

„ r = mean velocity of flow in this element in feet per second. 

„ I; = is a numerical coefficient. ■ 

•Although the expression contains no term directly marking the effect 
of the roughness of the pipe surface, this effect is included in the terms 
p' and u”. This will be seen if it be granted that the effect of the rough¬ 
ness in increasing the resistance to flow is due to loss of available energy 
in eddy production, the eddies being formed by the sudden deflexion of 
particles of fluid in close proximity to the walls! 

The mass of fluid thus affected will be greater as the roughness 
increases and as the velocity of flow increases, and will also depend 
directly on its density, while the loss of energy per unit mass will depend 
on-the velocity. It follows that the effect of a variation in theiroughnesf^ 
will be felt in the factors involving both p and v, and that the values of 
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the indices 0 ^and n of these expressions as determined for equation (1) 
will implicitly involve the effect of the roughness. 

If [MJ, LL],aiid |TJ ho tlio fundamental units of mass, length, and 
time, (1) may he expressotl dimensionally as 




and since experiment shows lhat.the Resistance to flow is, other things^, 
being equal, directly proportional to the length, « = 1. 

Inserting this value the equation hecomes 
[Ml . [LJ'' . [T]-^ = k . [M]-"'" . + + i 

licjUating indices of like (luantities we g(!t 

X — y — ii z = — 2 — h; y + z = l; »/ = 2 — n 
from which wo have 


I jc = n — d 
‘ :'/ = 2 - n 
( ^="-1 

The formula then hecomes 

B ji = !i h p = K - 1 _ I ( 2 )’ 

If ( roi)rosents th(! loss of head in units of length of a water column 

per unit length of j)ipe, so that i = j is called the hydraulic gradient 

of the pipe, and gives the slope at which this would need to he laid in 


* A similar rational Jaw may l»o dfdm'cd for (ho flow of compressible fluids by writing 
---* for p in equation (1). Here t is the absolute temperature of the gas, while c is the 
constant obtained from the relationship T - e t. We then get 

‘ 

An examiiuation, by the antlior, of the results of experiments on the flow of air through 
pipes, by st'vt'iid expiuinienters, and TSth diaimders ranging from *125 in. to -98 feet— 
veloeilu*s from lb to 1b feet per sccoiul, conlirins the assumptifuis made in tleduciiig this 
formula (“ rhil.|^Iag.,” March, 1!K»9). l^’roni these experiments the folltiwiiig values of n bavtf 
been fleduccd :— 




Small l(‘a<l i>ipc, •125 in. in diameter 



... 1-28 

Lead pilio, 2-lG ins. „ 



... 1'77 

/ 5-1) 

Cast-iron pipe 7‘H7 „ „ 

... 


... 1-81 
... 1-78 

' 1L8 , 



... 1-77 


while A = 125 X 10 : 7/ == 0 (>0.; if 5 jif is mcasuretl in lbs.*p(*r sq. ins. 


Below tlie (\ V. n — I, and the formula lieconies Zp = 


k IX 
ff-* 


indicating tliat the pressure 


drop is now imlependeut of the absolute pressure in the pqio—a result verified by th* 
experiments. 
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order to give the required flow without any external head. Evidently t 
is independent of the units used, and the formula may now be written 

B". " V'', 

^=~A - 


where P is proportional to 


P = 


■ and has the value 
.1 


( 8 ) 


1 + •ooiJBs't 4- •ooo‘>2i 

«and A and B are constants. 

The values of these constants have been determined and 

'A = 1-93 X 10' 


if the units are feet and degrees centigrade 


B = 36-9 


„ „ „ metres and degrees centigrade ^ 

The formula is found to hold, with fair accuracy, for all velocities above 
or below the critical points by a suitable substitution for n. 

Ileynolds gives the following mean values of n for velocities above the 
critical, those for cast iron being deduced from Darcy’s results 



n. 

Lead pipe . . . . 

1-79. 

Varnished pipe 

1-82. 

Glass pipe . 

1-79. 

New cast iron _ . . , 

1-88. 

Old incrusted C. I. 

2-00. 


Below the C. V., « = 1 ^ all surfaces, and the formula becomes 
, B Blv 
“ :4 • • 

Poiseuille’s formula h = being expressed 


in centimetres of water and the units in the C. G. S. system, becomes, 

278 V P 

ort transforming to the metre as the unit of length, h = ~1F 

V Bl . . ' 

This is identical with the Ileynolds formula on 


= 6'83 X 10 - 


(P 


substitution for the constants A and B. ■ 

If « = 2, the term containing P and inijolving the temperature 
becomes unity, and therefore for old and incrusted pipes the resistance is ■ 
independent of'the temperature, and the formula becomes 
, BHH 
*" A d 

, I ^ feet of water. 

,1 


= -000709 
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Comparing this with the simpliQed form of Darcy’s formula 
, /' I 4 f I 

^ i <1 m *Z y (I 
4 f 

W have coincidence if '000700 = „ A, 

64'4 

i.c., if/='0114, 

which is the value given hy Da*cy’s Jormnla for rough pipes 7J inches« 
diameter. 

It will he noted that in the general formula, the sum of the indices St 
d and v is always 8. , 

Variation of Resistance with Temperature. 

From the form of equation (8), it appears that if n is less tha^ 2,'the 
resistance depends on the temperature, and varies as Experi¬ 

ments by the Author on the resistance of rotating discs (p. 181) indicate 
the accuracy of this deduction, and this is substasitially confirmed by 
experiments by Mr. Mair ’ on a brass pipe, IJ inches diameter (« = 1'79). 
The relative resistances as experimentally obtained and as calculated are 
as follow: 


Temperature Kahrcnyieit ° | 


r>(;° 

90" 

160“ 

Relative resistances. 

(experimental 

1 calculated 

I'OO 

I'OO 

•87 

•90 

•74 

•77 


For values of n in the neighbourhood of 2 the effect of temperature 
variation is very small. When ji = 1'8, the resistance alters about one- 
third of one per cent, per degree Fahrenheit, while when n = 1'9 the 
change is one-seventh of one pej: cent, per degree Fahrenheit. 

It is worth noting in passing, that while with sinuous motion the 
difference betwei n the discharge at 5“ and 35° centigrade is negligible, 
below the C. V. the discharge at 5° centigrade is only one-half that at 
35° centigrade under the same head. 

Other Exponential Formulae.—On applying the Reynolds formula in its 
original form to the reifhlts of other experiments, it is found to be some¬ 
what lacking in adaptability, while experience tends to show that in the 
particular case where n = 2 the resistance does not, as indicated, vary 
inversely as the first, but as a slightly higher power of tho diameter. 


* “ Proc. Inst. vol. 84,1886, p. 424, 
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Professor Unwin, neglecting the small effect of temperature change at 
velocities above the critical, wrote this formula ii- the form 

h - 

and deduced values for/, n, and x, from the results of experiments made 
by many different observers, and on pipes ranging in diameter from 
2 inches to 43 inches.' He found that x is always greater than unity, 
increasing with the diameter between the limits 1'127 and I'SOO. 

* The following are Unwin’s mean values for/, n, and x. 


, Suiface. *■ 1 

Size of 

pipes examineil. 

/ (in fofit 
uiiils). 

j 

U’. 

n 

Wrought iron . 

12 

ins. diam. 

•000351 

r2]o 

1-75 

Asphalted pipes . 

10 ins. to 48 ins. 

•000395 

1-127 

1-85 

Riveted wrought] 

10 

„ to 26 „ 

•000405 

1-390 

1-87 

New cast iron . 

3 

„ to 20 „ 

•000334 

1-168 

1-95 

Cleaned cast iron 

3 

„ to 12 „ 

•000378 

1-168 

2-00 

Incrusted cast iron 

2 

„ to !) „ 

•000685 

1-160 

2-00 


G. M. Lauford? comparing the latter formula with many recorded 
observations of more recent date, states that by writing the formula in 
the form 

f_, •0254 fr'-“'' 

' “ 2 // 

and by giving k the following values, the necessity for altering the value 
of X with increasing diameter is obviated, while the formula gives good 
results for asphalted pipes of all diameters from 3 inches to 48 inches. 


Diauiclpf of pipe. 

k. 

Itianietcr of pipe 

k 

Diamcicr ofcnipc 

k 

3 ins. 

2-031 

18 ins. 

•904 

33 ins. 

•806 

6 „ 

1-486 

21 „ 

•880 

36- „ 

•797 

9 „ 

1-220 

24 „ 

•858 , 

39 „ 

•778 

12 „ 

1-062 

27 „ 

•839 

42- „ 

•765 

15 „ 

. -964 

30 „ 

•823 

45 „ 

•754 





48 „ 

... -744 


* “Imlustries,” ISSfl, vol. 1, p. 51 and 

* “Proceedings Inst.. Civil Engineers,” vol. 163, p. 297. 
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A further ipodifiefttion of the Reynolds formula, proposed by Thrupp,^ 
is given by 


, ^ r“ r» I , • d 

11 *= , - where in = 

Ill 4 


The following are values of C, .r, and n for pipes of various materials, 


Surface. 

• • 

n. 

. e-. 

.r. 

Lead .... 

1-75 

•00,522 

1-085 

Smooth wrought iron. 

1-80 

•00479 

1-170 

Riveted „ „ . 

l-H-i.! 

•005(17 

1-285 

New cast iron . 

1-8.'',0 

•00585 

1-240 

JJ J) • • 

2-00 

•00(175 

]-2(;o 


and for pipes of between 2 and 15 iiiehes diameter the formula gives 
good results. For wrought iron pipes of less than ‘2 inches diameter a 
correction should be applied by writing 

X <1 — 1 for X, where a = '0324; h = '07. 

m 

Tntton, adopting the Thrupp formula, as a result of an examination of 
approximately 1,000 experiments by various observers obtained the 
following mean values for n, C, and x. 


Surface. 

Diameters (feet). 

”• 

i 

' a 

X. 

Wood. 

1-05 to 0-00 

1-90 

•00775 

1 

1-295 

New W. I.. . . 

Asphalted pipes 

•10 to 4-00 
•40 to 4-00 

1-82 

1-82 

•0072 to -00582 
•00787 to -00005 

1-129 

1-129 

New C. I. amf cement-] 
coated pipes. .J 

•27 to 2-00 

l-llO 

i 

•00798 to -00080 

1-295 

Old C. I. pipes. 
Lightly tubercu-) 
lated . . .1 

Heavily tubercu-j 
lated . . .. 

I 

'08 to 4*00 

j 1-90 
jl-9G 

•0115 to -00757 

•0322 to'0125 

1-295 

1-295 


1 Society of Kngincers, 1887. 
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For the sake of comimrison, the values of /, x, and n, jn the formula 

f h if* 

A = obtained by Unuiii, Tbnipji, and Tutton are given in the 

following table. 


VAMJES of/, J’, and n IN Kokaiiii.a U -- i/—. 




r. 



71 . 


1 

/ X lOfi. 


Material of Pipe. 

Thiti])]). 

Tutton. 

Umviii, 

'Jlmipp 

Tutton. 

I'tIWlll. 

Tlirupp. 

Tutton. 

Unwin. 

Lea^l . 


1 085 

- 

-• 

1 75 

- 


175 

- 

- 












Wood 


— 

l-2'.fi 

— 

-- 

Mm; 


- 

433 

- 

Asphaltetl pipes 


« 

I-1211 

M27 


1 82 

I'.s:. 


nr. 

to 

70() 

33.5 

Plain wrought iron. 


M70 

1-121) 

1*210 

I*80 

I-82 

1*75 

:m 

317 

to 

351 










dod 

{ 

Eiv<‘Uid wrought iron 

1-235 

- 

1-330 

1*825 

... 

1-87 

415 

- 

40.5 

New cast iron 


1-240 

l-2()0 

'1-235 

MfiS i 

1*85 

2*00 

Mid 

1*35 

:i5i 

2«1 

300 

to 

•I5S 

;i;i4 












Cleaned cf^t iron 

- 

iT 

i-ms 

- 

- 

2 00 

_ 


378 

Old lighlly tiiber- 
^ cnlatod caM iron 


-■ 

i-23r> 

l-lfio 

- 

I im; 

2 00 

- 

I2d 

to 

345 

d85 

Old^ heavdy (uber-j 
culated cast iron | 

- 

1-21).". 


4 

mm; 

- 

r 

1120 

to 

7250 

- 


While these exponential formulae are more coinplirtited than the old 
formula of the I)e Chczy type, the increased acicuracy rendered possible.! 
by their use more than counterbalances any inconvenience in handling..; 
With the exception of the Kutter formula, which is exceedingly cumbrohs 
to handle without the aid of specially prepared tables, this inconvenience 
is indeed more apparent than real since the formulae are in a fQrm suit-'’ 
able for logarithmic or slide-rule calculation. 
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In many ca^es, however, it is convenient to be able to express resist¬ 
ance to flow in the forma 

and to enable this to bo done without sacrificing accuracy, the values of 
f and of G have been calculated from the mean results of the exponential 
formulae of Unwin, Tulton, and 'fhrujr[), ^bowing, within the range of 
velocities common in practice, their variation with f and with the pipe^ 
diameter, in pipes of dillerenl types. 

These values, given in the following tables, may be relied upon to give 
reasonably accurate resulls with pipes well laid and jointed. The internal 
fouling of a pipe due to corrosion and tuberculation, by incrcasieg Ihe 
roughness of its walls aiul by reducing its efi'ective area, will generally 
reduce the effective value of / considerably after a few years’ use, and 
allowance should be made for this in computing the Hiameter necessary 
to maintain a given discharge. 

With a small iron pipe under unfavourable circumstances, tuberculation 
may cause/to attain ten times its original value within as many years’ 
use. In wooden pipo^, on the other hand, no corrosion takes place, and 
/is usually slightly less for an old than for a new pipe. 

Experiments carried out by Ilerschell, on riveted pipes consisting 
of alternate large and small rings, with projecting rivet heads, and 
which were coated with asphaltum, gave values of / in the formula 


h ■ 


0^-. for 
2 (/ m 


a feet diameter pipe, ranging from ’00075 with a 


velocity of 1 foot per second, to ’00,55 with a velocity of 6 feet per second. 
With a similar 4-feot pipe, / varied from ’00675 to ’0050 with the same 
range of velocities. 

After four years’ use, the lattejpipe gave values of/ ranging from ’0085 
to ’0065 with the same range of velocities. 

Experiment# ‘ on a bare riveted pipe with butt joints and 6 feet in 
diameter, when new gave / = ’0052 for all velocities from 1 to 4 feet per 
second. After two years’ use the values of/were found to range from 
•0189 at ’5 feet peb second to -00975 at 1 foot per second, and ’00618 at 
4 feet per second. 

J. Duane, as a result of experiments on a new 48-inch riveted main of 
length 5,992 feet, obtained a value of/ = ’00368 in the same formula 
with a velocity of 2’28 feet per second. After seven years, considerable 


* “ Traniaetions AmcriMn Smiety Civil Engineers," 1898 and 1900, 
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tubercnlation was found to have taken place on the interior,.surface of the 
pipe, and a second series of experiments cave / = -OOfiOS. 


Mean Values of / and 0, in Fokmulae h = i ^ akdv — C J m, i. 

2 (j m ^ 

Lead. (From Thcipp’s Exponential l^'ormnla.) 





Diameter (i?iehcs) 


Velocity, 






feet i>cr heeond. 







1. 

2. 

a. 

1 

3v j 

f 

•(I079;i 

•0(1717 

•00721 

' -00705 

( 


tio 

;i.j 

9I-5 

!)5'5 

4 ' 

./■ 

'OOfir.u 

•0(H)-i2 

'OOfiOO 

•005Mi; 

( ! 


‘ l»!l 

]oi-r» 

I OK 5 ; 

105 

« 1 

f 

•(HK)0:i 

•oo:»(>s 

•00510 

•(H).5K5 

V 1 

i 

loa-i') 

DHi-r) 

108-5 i 

lOO-i) 

8 1 
\ 

/ 

1 •dorifiS 

■OO.hiO 

■00,-,12 

1 

•05500 

c 

107 

110 ' 

112 

llK-5 

10 

f 

•oojiso 

•O0.‘)(>0 j 

•00482 

■00471 


110 

113-5 

ih; 

117 

i 




Wood. (From Tutton’s Kesulls.) 


f Velocity, 

feet per aecond. 

6. 

12. 

Diameter (inclie«). 

1 1 

1«. 1 ■ 24. 

i 

8fi. 

4H. 

2 ^ 

f 

•OOS-ll 

•OOBS6 ! 

■00(507 

•005(50 

•0019(5 j 

•(»4r,6 

\ 

<; 

87-5 ' 

97 

103 

107 

lf8-.6 

119 

4 f 

f 

•00817 

■oflcr.r 

•00590 

■00513 

•00483 

•00413 

1 

c 

89 

98-5 

106 

1 109 

‘ 116 

120-5 

6 j 

f 

•00805 

•00G57 

1 •00681 

•00535 

' -00175 

-OOlitfi 

i 

a 

89-5 

99 

105-5 

109-5 

116-5 

121-6 

8 j 

! 1 

■00797 

1 

•00050 

•00.676 [ 

•00530 

•00470 

, -ooiai 

1 

e 

90 

1 

m 

1 

106 1 

no 

117 

1 

V 122-6 
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A^pha 1 jT£D Pipe. (From Exiioncntial Forumla® of Tutton and Unwin.) 


Vfiloi-ity, 


• 

r 

Dmmtiter (itichos). 



foot per HACoiul. 


1 








0. 

1 9. 


IR. 

24. 

1 3fi. 

4S. 

3 ! 

f 

•(loli.')? 

•(kk;2:{ 

« •(K)(>()1 

•00.f»70 

•00.',.50 

•00.521 

•oosos 

l 


ni) 

JU2 

lo:!-:. 

• 107 

los 

111 

ii:-i-6 

4 ,1 

/ 

vmty 

•(MK'.r.r. 


•(H)r.07 

•004 8U 

■00(158 

-n 

•00447 

^ ( 

(' 

1(1.-. 

lOH 


112-.^. 

11.5 

117 

120 

! 

./ 

•U(>.-..‘'.0 i 

•00.‘.2() 

•(Hm02 

•wu7(; 

•001.50 1 

•OOi:55 ' 

,-(Kl5l30 


1U8 

in-5 

11. 

iKJ-r. 

n«-.5 

121-5 1 

1 

124 

K • 

./■ 

•00.*.21 

•UdlK’) 

•(»0177 

•ooir.ii 

•0(»i:5(5 1 

•0041.5 

•UiClOU 

1 


m-.-) 

IM 

11(1 

119-5 

l?I-.5 1 

' 124-5 

127-6 

10 j 

1 

/ 

•IM (.-,()« 

•004 S(l 

•OOIH8 

•004:50 

•00'12:-5 

•00101 

•00:487 


IJ'l 

ihi 

IlK 

121 

12,T.5 

1 

127 

120 


Park "WROUiiHT Iron. (From Exi)onential Formulae of Thrupj), Tutton and Unwin.) 



DiameUr (iiiclies). 


11(1. 

8 

6 

12 

24 

80 

48 

60 

2 ( 

/ 

•0(1(112 

102-6 

•00.543 

100 

•00482 

no 

•00127 

12;3-.5 

•00400 

127-5 

•00380 

1,30 

•00367 

1.32 

^ 1 

f 

•(4^530 

no 

■00471 

117 

•00417 

124 

•00370 

1315 

•00347 1 

i:46-.5 1 

•00329 

140.5 

•00319 

142 

“ (' 

f 

V 

•00487, 

116-6 

00134 

122 

• 

•00.384 
129 6 

•00341 

137 

•(H(319 

142 

•0030.3 

146 

■00293 

148-6 

* 1 

f 

(• 

1 -00450 

no 

' 1 

■00408 

12.5-.5 

1 -00:101 

1 132 

•00321 

141-5 

, -00300 
147 

j *00285 
- 151 

•00275 

153-5 

10 { 

f 

c, 

■00437 

121-6 

•00388 

129 

•00344 

137 

•00306 

145 

•00285 

lol 

•00272 

IS4 

•00262 

167 
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Kivkied Wsouoht Ieoh ob Steel Fipbs. (From Thrapp and tlnwln.) 


Velocity, 
faet per 
ftflcond. 

Diameter (iiiclied). 

12 

24 

H6 

48 

60 

72 

2 { 

• 1 

/ 

C 

•OOfilT) 

102 

•00495 

114 

* i 

•00137 

121-5 

•00100 

127-5 

•00372 

131-5 

•00351 

137 

1 

M 

f 

0 

1 

■005.^3 

lOS 

•00445 

120 

•00393 

128 

•flOS-iS 

i32-r. 

•fM)333 

138 

•00,416 

143 

« ( 

J 

e 

■UO.WO 

iii-r. 

•0IM19 

121 

•00369 
132 5 

•(H1338 

137 

■00315 

143 

•00297 

1475 

« ( 

f 

c 

( 

•oolite 

114 

1 

•00100 

127-.'i 

•00352 

135-5 

•00322 

141-5 

o 

o 

■00284 

151 

10 { 

f 

c 

•00181 

116 

■00388 

129 

•00342 

136-5 

•00312 

143-5 

m 



Npw Cast Xbok. (FrdRi Exponential Formulae otThrniip, Tutton 
- and Unwin.) 


.Velocity, 

( feet per 
second. 

Diameter (inches). 

8 

6 

9 

! 

' 12 

« 

. 18 

24 

36 

2 f 

f 

■00691 

•00588 

■00535 



1 

•00425 

•00387 

® I 

e 

116-5 

104-5 

109-6 

113-5 


123i6 

129 


f 

•00654 

-00556 

■00505 

•00473 

•00430 

•004 03 

•00367 


0 

99 

108 

113 

117 

122-5 

127-6 

133 

1 _1 


f ■ 

•00635 

■00539 

•00490 

•00469 

1 

■00417 

BMW 


* 1 

e 

100-6. 

109 

114-5 

119 

124-6 

129 

134-6. 


f 


•00525 

•00479 

•00447 

•00107 

•00380 

-60346 

0 

mm 

111 1 

117 

119-5 

126-6 . 

130 

186 : 
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Cleaned Cast Iron. (From Unwin.) 


At alt 


• 

DiainetiT^hicbes). 



Velocitiox. 

s 

6 

9 

12 

18 

•24 

80 

/ 

c 

•00771) 

yi-r> 

•OOG85 

97 

4 

•00G40 

100-^ 

, 103 

• 

•OOoG!) 

U)G-5 

•00511 

10‘) 

•0050,5 

113 









o 


Old, LKiHTLY TuitKKCULATKD ('AST liiON. (Krom Tuttou and Unwin.) 

Velocity, 
fccL 1.CI 
hCCOIl*!. 



Dmiiictci (mclic 

0. 



3 

0 

0 

Vi 

18 • 

24 

• • 

8C 


/ 

(• 

■0U7 

()G 

OI2G 

71-5 

•0115 

75‘5 

•tilo.s 

772 

•009S3 

81 • 

•00921 

83-7 

•00835 

88 

^ 1 

,/■ 

c 

■01 ii: 

•0125 

72 

0113 

7G 

•f)lOG 

77-7 

009G5 

SI-5 

•<J0905 

S4-I 

•00826 

88-5 

«1 

f 

c 

•0145 

•0124 

72 3 

■0112 

7G-1 

•010.“, 

7S-2 

•O09r»8 

82 

•00897 

81-5 

•00817 

89 

1 

/ 

■0141 

G7 

•0122 

72G 

•0111 

7G8 

•0104, 

78-7 

•00950 

82-4 

•00890 

85-0 

•0810 

89-5 


A series of experiiueuts by Freeman ‘ on the flow tlirough fire hose, 
givo the following mean values of f, at velocities ranging from 10 to 30 
feet per second. 

Unlined linen hose . . . /' = '0084 

Smooth rubber lined hose . / = -0044 

It is probable that at such velocities as are common in practice, viz., 
about 100 feotjjior second, these values would become about ‘0080 for the 
unlined, and '0010 for the rubber-lined hose. 

Aut. (15. 

Since the velocity in a |)ipe is inversely proportional to a// an error in 
the assumed value of/will only lead to approximately half 4he percentage 
error in v, and hence in the calculaled discharge. Still, since this 
physical condition of a pipe surface, and any deviation from straightness 


* ■* Tiani-actions Amei'icfiu Society Civil Engineers,” 1889, p. 303. 
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of the pipe vitally affect the resistance, an4 since the determination of the 
relative physical condition of two surfaces, even though of the same 
material, is a matter of the greatest difficulty, ro pipe flow formula is to 
be relied upon as giving the discharge corresponding to a given loss of 
head, with any great degree of accuracy in a proposed pipe line. The 
difficulty in exactly reproducing the conditions of the experiments from 
which the formulae have been deduced prevents this, and the engineer who 
prognosticates to within 10 per cent, the discharge from a pipe under 
jiven pressure conditions has every reason to be satisfied with his choice 
3f constants. 

Yelocities Adapted in Practice.—In water supply systems the mean 
velocity of pipe flow usually ranges from 3 feet to 6 feet per second. In the 
pipe lines forming the supply and discharge mains of power installations 
such velocities are often exceeded, velocities up to 10 feet per second being 
common where such pipe lines are comparatively short, and velocities up 
to 15 feet or even ‘20 feet per second being adopted in exceptional circum-. 
stances where the available head is great and the length of pipe line 
comparatively small. 

Aet. 66. Fiuction with Fluids othbk thak Watek. 


Very little is known as to the loss of head accompanying the flow of 
liquids other than water. With crude oils the loss of head is very heavy 
owing to the great viscosity. Attempts have been made to reduce this 
loss of head by the additicgr’of some 10 per cent of water. This reduces 
the loss considerably but the discharge takes the form of an emulsion 
from which the water is removed with difficulty. By using a pipe having, 
rifled grooves along its walls, centrifugal action keeps the heavier water 
in contact with the walls, and reduces both emulsification and loss of 
head. Tests made by the Southern Pacific Railroad Co.,' give the 
following values of C in the formula v=C Vwl 
8-in. plain pipe conveying oil . 


8 


J = 5-46 

90 % oil and 10 °/„ water G = 7’11 


8 „ 

rifled „ 

,, 90 % oil and 

10% 

„ c= 

65 

8 „ 

pipe 

„ water only 

... 

... C = 

113 

8 „ 

plain „ 

„ oil 

... 

0 = 

3'76 

8 „ 

rifled' „ 

„ 90 % oil and 

10 % water C = 

79 

8 „ 

pipe 

„ water only 


... c= 

, 100 


Water Charged with Sand.—When a stream of water flows ovOr a mass 


‘ Engineering News, New York, June 7, 1908 Engineering HeDori, May 23,1908. 
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of loose iDfjterial which may ’ be carried in suspension, at inoderato 
velocities of How the material is rolled jilong the Iwttora of the pipe or 
channel, with comparatively great loss of head. As the velocity increases, 
at a certain point, depending on the size and weight of the particles, 
these are picked up and carried in suspension in the water. Experiments 
on sand, having grains varying from ’16 m.m. to ‘75 m.m. in diameter 
show that for a 1-inch pipe this velocity is about 3‘5 feet per second, 
while for a 3-inch pipe it is about 4 feet per second, and for a 82-in(5i 
pipe about !) feet per .second.^ With grains of approximately uniform 
size the minimum resistance is attained with this velocity. With grains 
of widely varying size the minimum resistance is attained with a yelecity 
somewhat less than is necessary to pick up the larger grains. With fine 
sand the additional loss of head is about 25 per cent, of that due to the 
water alone, for each 1 per cent, of added sand. For velocities higher 
than are necessary to cause suspension, the proportion of solid matter 
wliich may be carried is approximately independent of the velocity. 
Experiments show that the proportion of sand to water may exceed 
60 per cent. Whore a sand ejector is used this proportion depends 
largely on the form of ejector.^ This is on similar lines to the ordinary 
jet pump, and is situated at the bottom of the sand hopper, the sand 
beitig carried into suspension by me;.us of a number of small water jets 
surrounding the inlet to the ejector 

Mixtures of Water and Air.—See Art. 189. 

Am. 67 .—Variation of Velocity over the Cross-Section of a 
Cylindrical Pipe. 

Experiments show that with sinuous motion through a pipe the. 
velocity of flow is much greater at 
the centre than near the wads. 

From experiments on pipes with 
diameters ranging from 8 inches 
to 19 inches Darcy deduced the 
formula 

® ^ ^ • ( 1 ) 

as giving the velocity v at any 
radius » of a pipe of radius a. When the unit of length is the metre, 
k = 11-3, and when the foot, k = 20'4. The volume of the solid of 



FlO. 96. 


I “ Tratisac^ions AmericaQ S(yiety OiWl Engineers,” Vol. 67,1906. 
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revolution (Fig. 95), whose height represents the velocity ahany radius, 
is given by 

I 2 ?r xrdx 
2 T I xvdx 


mean height: 


,T a‘ 


Substituting for v from equation (1) we have 


mean velocity, v = 

a 


— 1^ I' Vai. 


giving the radius at which 


Velocity in feet per second 


- 

\« 

X = 

the 



_ 4 
“ 7 
•089 a 

velocity is equal to the mean 
over a cross-section. 

More recent experiments 
by Razin * on a cement pipe 
2‘G3 feet diameter, and by 
Messrs. Williams, Hnbbell, 
and FenkelU on cast iron 
@1 asphalted pipes having dia¬ 
meters of 12", 10", 80", and 
42", indicate that the curve 
of velocities is very nearly 
an ellipse to which the pipe 
walls are tangential. Calling 
tt the minimum velocity at 
the walls, and V the maxi¬ 
mum velocity at the centre, 
the equation to the curve 
would then be 




Vies. ‘J6 and !)7. 


The volume of the solid of* 
revolution bounded by this 
curve is equal to , - 

IT X § Tt(^ (F-^u) 

= TT a® 8 


.•.? = » -f §■ (F—a). 

* “ Mem. de rAcatl(*mic dea Sciences,” xxxii. 1897. 

* “ Proc. Am. Soc. 0. E.," vol xxviL, 1901, p. 314. 
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The mean velocity occurs at a radius x= ■75 a. 

Messrs. Williams, Hubbell, and Penkell found the surface velocity to be 
practically one-half that at the centre,Wn which case the mean velocity 
is ’83 times the maximum. The ratio was found to increase with the 
mean velocity. Figs. 96 and 97 show velocity curves obtained on the 
30-inch pipe respectively on the straight and at a bend in these 
experiments. • . «• 

The results of Bazin’s experiments can be represented very 
approximately by the formula 

c = V - fc 


where k has a mean value, with the foot as unit, of 38, though, a nnora 
accurate formula is 


u = V - 38 




The mean results of those experiments gave u = -51 F; 5 = ‘855 V; and 
showed the mean velocity to be attained at a radius ’74 a. 

Assuming v ~ iiti — *707 at, from Bazin’s simpler formula 
assuming x — *74 a, we have 

V = V — 15*4 

V ^ - C 

The value v = •85,'5 F, thus corresponds to a value of C = 128. It is 
indeed to bo expected that as here indicated, the ratio of mean to 
maximum velocity will vary with the diameter and surface conditions of 
ihe pipe, both of which affect C. Experimentally the ratio is found 
to range from *79 to *86, increasing with the diameter and smoothness of 
the pipe, the following table indicating how, from Bazin’s simple formula, 
this ratio varies with C or with the value of J. 



• 



c 

80 

90 

100 

f 

•0105 

•(Jp79 

•0064 

U4-F 

•785 

•804 

•820 


T 


no 

120 

130 

140 

•0053 

•0045 

•0038 

•0033 

•834 

•846 

; j 

;8C5 


^ Seethe diBcuBsion on Burface velocity on p. 216. 
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other experiments have been carried out by Cole ‘ and J)y Morrow 
from which, together with those already quoted, it may be concluded tl at 
in gauging tlie discharge of a pipe by means of a Pitot tube (p. 218), the 
mean of observations at a radius varying from '69 a in small, to ’75 a in 
large pipes, will give the mean velocity directly, while the mean of 

observations at the 
centre of the pipe 
when multiplied by a 
constant varying from 
•79 to '86, with an 
average value of '84, 
will also give the 
mean velocity with a 
tair degree of accuracy. 

Experiments by R. 
Threlfall,'''on the flow 
of air through gas 
pipes from 6 to 36 
inches diameter, in- 
dicate that here the 
radius of the circle of 
mean velocity is about 
0'775 of the pipe 
radius, though in one 
case of a gas main, 
15| inches diameter, 
the radius of mean 
velocity was about "9 
of the pipe radius. 

The ratio of mean 
to maximun velocity 

in these experiments was very constant over a wide range of velocities— 
22 /.«. to 41 /.«.—and had the mean value 0'873. 

Recent experiments by Michael Longridge^ on air flow through a 
16-inch pipe at velocities ranging from 77 to 210 t^et per second showed 
that the latio of mean to maximum velocity varied by less than IJ pqf 
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“ 1 “ Trans. Am. Soc. C..E.,” vol. 47, pp. G3 -27fi. 

3 “ Proc. Uoy. vol. 7G, p. 205. 

/ “ ProceeiHng^ Institute Mcclinnical Engineers,” 1904. 

* " Engineer's Report of Itnl. Engine and Boiler 1 iisursnce Co., Lttl, for 1910,” p. 92, 
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• 

cent, from its mean value 0'921. The radius of mean velocity in these 
experiments was '80 of the pipe radius. 

Surface Velocity.—Since the Pitot tube, with which velocities are 
invariably measured, cannot be used to determine velorities at points 
nearer to the wall than the radius of its orifice, the manner in which the 
velocity varies at points very near the wall is difficult to determine with 
any degree of accuracy. By prpducipg the curve obtained by plotting^ 
velocities across the pipe, the earlier experimenters concluded that the 
surface velocity was approximately one-half the maximum velocity. 
More recent experiments by Morrow on a pipe 2 inches in diameter, and 
by Stanton^ on the flow of air through pipes of 5 and 7’4 cmm. 
diameter, however, indicate that the velocity of the film in actual contact 
with the wall is zero, even with sinuous flow, and that the'velocity 
at first increases very rapidly us the centre of the pipe is approached. 
The film of fluid in the immediate neighbourhood, of the wall appears 
to be moving with steady viscous flow, this state of viscous flow merging 
almost imperceptibly into that of sinuous flow, the thickness of the film 
undergoing rectilinear motion being extremely small. 

In the latter experiments a Pitot tulie having an orifice only 
•2.5 millimetre deep was used. In rough pipes (resistance proportional 
to i’’') the velocity curve was found to be simitar from the centre to within 
3 millimetres of the walls, for all velocities, and to be a parabola, having 
the equation 

V = V,-A r>. 

For smooth pipes the curve was also parabolic up to a radius of 0*8 a. 
For exact similarity of the curves over the whole range of radii, it is 
necessary that the central velocities should be inversely proportional to 
the pipe diameters. Fig. 98 shows velocity curves obtained in these 
expel iments.“ 

Art. 67 a^—Mixing of Adjacent Lavers During Flow op Liquid 
IN Pipes. 

Prom the fact that the velocity near the centre of a pipe is much 
greater than near the walls, it is evident that there must be a continual 
admixture of the faster moving liquid with those more slowly moving 
particles nearer the walls ahead of it. Thus the particles of a column of 
the fluid, originally of unit length, will, at any subsequent time, be 

1 <i Pi-pp, Roy. Society,” A., vol. 85, IDU, p. 366. 

» in the above formi la I c is the velocity at the centre of Ihe pipe. 
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tound to be distributed over a length greater than that which they 
originally occupied. This matter is of some importance in connection 
with oil transmission pipe lives, through which from time to time 
different grades of oil are to be pumped, and in which it is desirable to 
know the probable volume of contaminated oil likely to follow a change 
over from grade to grade. 

In experiments on a wooden pipe lin^ conveying water and consisting 
of a length of 13,200 feet of ‘10-inch pipe in series with ■17,r)00 feet 
d 16-inch pipe,' aniline dye or bran was admitted for a )tioasHred time 
to the intake, and the discharge from a relief valve on the 10-inch pipe, 
situated 12,700 feet from the intake, and from the outlet from the 
16-inch pipe, was carefully watched for the appearance and disappear¬ 
ance of'the colouring matter or bran. 'With the dye the exact instant of 
appearance and disappearance, particularly the latter, could not be 
determined with any very great accuracy, but the time of passing the 
relief valve was apparently about one minute greater than the time 
of admission. As the moan velocity was .582 feet per minute, this means 
that the mixing had extended over a length eijual to .58,200-— 12,750 = 
4'6 per cent, of' the distance traversed. The bran apparently took 
eighteen minutes longer than the time of admission to pass the outlet 
from the lO-inch pipe, indicating an admixture over about 8'6 per 
cent, of the distance traversed. Experiments carried out with colouring 
matter on a 4-inch and a 6-inch pipe line at Cornell", conveying water at 
velocities ranging between about •!) and 4’5 feet per second showed that 
the admixture extended ov0i a mean distance equal to about 13'3 per 
cent, of ttie distance traversed in tlu! 6-inch pipe, and 11 jrer cent, of this 
distance in the 4-inch pipe. Both these pipes were spiral riveted, hut the 
4-inch pipe had an asphalted surface. On tlto whole it would appear 
^<hat the percentage distance for similar pipes diminishes with an 
increase in diameter, and for pipes of the same diameter increases with 
the-roughness, apparently varying liutle with the mean velocity. 

Experiments by the Standard Oil Co." on the admixture of oil of 
different grades in a G-inch pipe line, 24 miles long, showed that with 
light amber oil, specific gravity ‘79, displaeingheavy black ojl.specificgravity 
•85, with a mean velocity of flow of about 4 feet per second, the length 
of admixture was between 8‘5, and 12'1 per cent, of the distance travelled, 
while, where the heavy disjdaccd the light oil, the length was only '44per 
cent. Similar experiments on an oil-pipe line 210 miles long between 

' .f. Xj. Cumpbell, Enginfcrhiy Aiigiisj 27, 1908, p. 227. 

* Cornell Cidl Engtiieerf Dec. 1911, p. 122, hy I’rof. IS. W. Schoder. 
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Morgantown ^nd Millway, with light oil displacing heavy oil, showed 
a length of admixture varying from 10 to 12 per cent. 


Art. Mhasukement op Pipe Disciiaiige. 

The volume actually discharged by a pipe may be determined 
aiiproximately in several ways. • ^ 

(1) The most accurate iiiclbod is that of collecting and weighing the 
(piaiitity discharged in a definite time, but this is impossible with any but” 
the smallest of pipes. 

(2) The mean velocity may be computed from a knowledge of the 
hydraulic gradient and of 
the diameter and internal 
condition of the pipe by an 
application of one or other 
of the formulae of Arli. (i.*). 

AVhore these data can bo 
accurately obtained an error 
not exceeding 10 jier cent, 
may be expected, with pipes 
ranging from 3 inches to 
G’O feet in diameter. The * 
hydraulic gradient may be 
obtained by observing the 
difference in the free level 
of the columns in two 


h 

i_. 




va/ 

& 


Fin. an. 


piezometers, or pressure tubes, placed at a known distance apart, or 
by the use of one of the types of differential gauge described in Art. 9. 

(3) The velocity may be deduced from Pitot tube observations, this 
being used to give the velocity al the centre, or at the radius of mean 
velocity (p. 2^4), or at a series of radii across the pipe. In the first ease 
the mean velocity is aiiproximately '84 times that observed. In tbe third 
case the mean velocity is given by 

• 1 

V = - „ / 2 IT r r d r, 

, IT «V 0 

where n is the pipe radius, and r the velocity at radius r, the integration 
being performed graphically. (Bet! p. 110.) 

The Pitot tube consists of a tube of fine bore bent at right angles 
(Fig. 99), having both ends open, and so arranged that while one leg 
remains vertical, the other may be rotated so as to point either up. 
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down, or across stream thus placing the plane of its orifice either at 

right angles to or parallel to the 
direction of flow. 

When pointed up-stream, the statical 
pressure immediately inside the 
entrance to the tube must balance 
the< statical head of water outside 
together with the pressure equivalent 
to the velocity head, so that if h' feet 
be the height of water in tho tube above 
the free service level when turned 
up-stream, we have where 

in II /c is a constant very approximately 

Similarly, if turned down-stream, 
and if h" is now the depression in tho 
tube, we should have h"=k' v^—2g. 

Theoretically, with the orifice point¬ 
ing across the stream, the level inside' 
tho tube should indicate h, the statical 
head alone. Owing, however, to eddy 
formation and to a conseiiuent reduc¬ 
tion of pressure at the orifice, the 
level inside the tube is slightly less 
than h. 

When turned down-stream, eddy 
formation also affects the reading h"', 
giving this a lower value than the 
■theoretical, while even when pointing 
up-stream the reading ¥ is only 
accurate when the tube is of very fine 
bore, and is given a conical form so 
as to divert the oncoming stream 
with a minimum of disturbance. For 
this reason, ^the tube should be cali¬ 
brated by observations in water 
moving with known velocities. Other¬ 
wise, even with a well-constructed 
I' 10 . ino.—Pilot Tube. apparatus, an error of abput 5 peij, 

cent, is possible, the calculated being greater than the actual velocity. 





PITOT TUBE 


219 


The instrument as improved and used hy Darcy and Bazin for stream 
measurements* is shown in Fig. 100. It consists essentially of two 
tubes, one drawn to a point^and facing up-stream, and the other straight 
and with an opening at its lower end whose plane is parallel to that of 
motion of the stream. The air in both tubes is partially exhausted so as 
to bring the water columns to a convenient height on the scale. A 



cock R’ is provided hy which the columns may he simultaneously isolated 
from their orifices. The instrument may then be removed to a con¬ 
venient position and the readings taken at leisure, Darcy and Bazin 
rated this meter in flowing water by surface floats, and also hy observing 
the velocity at many pointi in a cross section and comparing the mean 
so obtained with the known moan velocity; and in still water by taking 
readings from a boat towed with a known mean velocity. The respective 
mean values of C, in r = CV2.(//(' (/(/ being the difference in the 

■ ■ Darcy and Bar-in, “ Becherclics Iiydrauliqnes,” 186.5. 
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heights of the two columns) as thus obtained were r006, ‘DOS, and 
1-034. 

In modern types of the Dtircy tube the static pressure is taken from a 
series of small openings in the walls of a tube held parallel to the 
current, and by this method, using extremely small openings, the effect 
of eddy formation is greatly reduced. Such a tube, as used for pipe flow 
work by Professor G. S. Williams,) is shown in Pig. 101. Here the 
statical pressure is transmitted through four openings, each inch 
diameter, while the impact orifice itself is jj’u inch diameter. The tube 
was inaniiiulated through a stuffing-box in the wall of the pii)e, this 
permitting the orifice to be adjusted to any required radius. 

" IShe tube shown in Fig. 101 was rated in two different ways. By 
moving it at a known speed through still water in a circumferential 
trough, of approximately 12 feet diameter and of 72 square inches 
cross sectional area, the mean value of C was -026, v\hile using it to 
determine the velocity at the centre of a 2-iuch pipe whose discharge 
was caught and weighed, on the assumption that the central velocity 
was 1-83 times the mean velocity tho mean value of C was found to be 
•895. The values obtained by this second method may reasonably be 
expected to be lower than those obtained by the first method, sinie the 
velocity at the section of tho pipe containing the statical pressure 
orifices is of necessity greater than in tho plane of the orifice, and the 
pressure as recorded by the static column will consequently be less than 
in the latter place. Thispffect will be more marked the greater the ratio 
of -the cross section of t^e tube to that of tho pipe, and unless calibrated 
in a pipe of approximately the same dimensions as that in which it is to 
be used, the results of such ratings can only be approximate. 

On the whole it would appear pi eferable for pipe work to use a simple 
Pitot tube to measure the impact pressure, and to obtain the static 
pressure from an orifice in the pipe wfllls at the same level as, and in the 
plane of, the impact orifice. Using the tube in this manner C is found 
to be very sensibly equal to unity. 

When used for measuring the velocity of flow in an open jet the 
necessity for the static pressure tube vanishes, and under such circum¬ 
stances the point of a stylographic pen haij been found to give, good- 
results as tho impact branch of the tube.’* - ■ r 

(1) The velocity imiy be obtained by Venturi meter (Art. 196), when fpr 


* See “ I'roc. Aui. Sttc. vul. 27. 

^ ® For Ihe description of a Pitot tube for high velocity jot work see a paper by W, % 
Ekman, “ Prqc, Inst. RTcch. Kng.,” IDO'J—10. ^ 
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fairly large pipQS an error not exceeding 1'5 per cent, is to be expected. 
With small pipes, one of the other types of meter described in Art. 196 
may be used. ^ • 

(5) A chemical method of determining the discharge is described by 
F. Van Iterson.* A given weight per minute of sodium thiosulphate 
being introduced into the pipe, a sample of the discharge is taken at 
some point nearer the exit, and tlie (quantity of chemical present is 
measured. The chemical being diluted in proportion to the volume of 
discharge, a measure of the latter is obtained. The sample is titrated ‘ 
with standard iodine, starch being used as an indicator. Several cocks 
arranged at different points on the circumference of the pipe should be 
used for withdrawing the samples, so as to obtain as far as possible a 
fair sample of the mixture. This method has been used with success for 
determining the discharge of sewage pumps at La Haye. 

Where a colourless discharge is expected, colourgd liquid may be 
introduced into the pipe in known (juantitios, and the colour of the 
discharge compared with that of standard admixtures. The method 
is, however, only to be looked upon as giving approximate results. 


Art. 69.— Relation of Diamf.teu of Pipe to Quantity 
Disciuiioed. 

t • 'JT (J/^ • 

With rough pipes, since Q = —- . v, and since the loss of head II in 
any length I is given by 

2;/ I m j 

.. u - V 

■ o = ^ -- a/ _ ’T JJJ17 A 

. 4 _i7Z 

.-. Q = cW ~ ■ '/■"’ where C = V ”. 

For smooth pipes, the loss of head is proportional to a lower power of 
the velocity than the second, and to a power of the diameter slightly 
different from the first, i.c., 


> Le Qinxe Ci'eU, Faria, vol 44, n 41L 



222 


HYDRAULICS AND ITS APPLICATIONS 


... 


' i 


Professor Unwin gives coefficients for formulae deduced by Hagen, 
which for clean cast iron pipes make 

C having the value 41'9. 

In experiments carried out by M. Vallot, Q was found to he proportional 
toJ“ 

’ Aut. 70.— Initiation ano STori'Aon of Motion in a Pakaiael Pipe. 

(a). Gradual Stoppage.—Neglecting the effect of the elasticity of the 
water, and thus assuming that during acceleration or retardation in a 
pipe line, the velocity throughout the pipe is uniform at any instant, if a 

retardation—^be produced in any way, as by the gradual closing of 

a valve at the outlet to the pipe, or by the retardation of a plunger giving. 
motion to the water column, the rise in pressure behind the valvb or 
piston due to this retardation will be given by 


]) a = 


(I 

If I 


. I. a 
d r 

Tt 


dr 
d t 


p' = -■ -j— lbs. per square foot . (1) 

where “ I ” is the length, and “ a ” the sectional area of the column in 

square feet. The minus sign is used since being an acceleration, is 

itself negative if the motion is being retarded. This pressure difference 
at the two ends of the pipe is suporpose^l on that due to steady How with 
the velocity obtaining at the given instant. Thus if the loss of pressure 
from entrance to exit, due to steady flow with velocity r feet per second, 

is ^ (1 + ~ ) lbs. per square foot, and if v and are respectively 

the velocity and the acceleration at a given instant, the pressure at the 
valve will be less than the statical pressure undfcr conditions of no flow, 
by an amount 

A general expression for the pressure changes, accompanying,^changes 
of velocity in a pipe line may be obtained from Bernoulli's equation.If 
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at any point“in the pipe the acceleration is the force per pound 

necessary to produce this* acceleration is -- and the work done by 

<1 dt •’ 

this force while motion takes place through a small distance S a; is 
1 dv ^ 

« , 

Similarly, if the work done against frictional resistances is expressed as 



ft\ 
2 g 111 


per lb., per unit length of the pipe, as is usual, the equation as 


finally modified for friction and for acceleration becomes 

fv^ 
2 g in 


iK 1 2. 4- 1. 4- 

dx 1 w ' Zg 


■ I = - P 'il’ + 

I g dt ^ 


( 2 ) 


where z is the height of a given point in the fluid, above datum level, and x 
is its distance from some abitrary point, measured in the direction of flow. 
This equation is true even if the pipe line 1)6 not uniform in diameter. 
Integrating both sideskof (2) with respect to x we get 

£ + f+z= -ir'l;; dx - j- \aIx + c (3) 
w 2g g j odt 2gmJ o ' ' 

Whenever the acceleration is a known function of the time or of the 

distance travelled by a particle, equation (3) may be solved and the 

pressure at any point obtained. 
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As an example, consider the uniformly retarded flow through a pipe of 

•uniform cross-sectional area of and length 1. Let = — a, and let the 

suffixes V and i refer to the jiipo iinmediatel}’ behind the valve and to 
the inlet at the top respectively. Let x be measured from the inlet 
(Fig. 102), and let be the velocity in the jiipe line. 

Then at the inlet, where x = 0, we ^ave p = pi, z = zi, 


i; 


3 

■^.dx = Q, so that c = ^ + + zi from (3) 


Jo w 

■When X = I, i.c., behind the valve, we have p = p„ z — z, 




- al; 


(4) 


=-.f -l-Pi -I- ’■“V/i- - 

IV 2 //^ (j ^(jm 

"t" ■4' 2(/‘ the head equivalent of the statical pressure p. 


at the valve with no flow tbrongb the pipe, so that we get 


V, 

w 


1 + — [ feet of water. 


(5) 


g W HfJ 

or p„ = p, -(- I o i _ i|- ^ 1 -f ^ j I ii,g_ pgj. aqiifire foot, 

the result previously obtained from general considerations. Obviously 
this expression has its maximum value when = 0, i.e,., at the instant 
the valve reaches its seat. 

In order to get uniform retardation of a column by closing a valve at its 
lower end, the rate of closure of this valve would, however, need to be some¬ 
what complicated. If a is the pipearea, and Oq the efleolive valve area at any 
instant (the effective valve area is the actual area multiplied by thecoeflieiont 
of discharge), and if Vg is the corresponding velocity of efflux, being 

the corresponding velocity of pipe flow, we have so that 

• d 


dvg , (lag 


--b = i 

dt a . 

If fli is the effective valve area when the valve begins to close, and if rq 
is the corresponding velocity of pipe flow, the value of Oq after f seconds 
is given by * ’ 


<h 


j \/lial+^gh-l{vi + atf 


See “ Water Hammer in Hydraulic Pipe Lines,” p. 8. Gibson, Constable & do., 1908., 
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In an expariment carried out by Prof. I. P. Church,‘ on a pipe liw 

1 inch in diameter and 2,895 feet long, fitted with a nozzle 2 inchei 

diameter at its lower end jind di8charging*into the atmosphere, the nozzlf 
was closed in 25 seconds, so as, ;'t is stated, to give uniform retardation ir 
the pipe. The statical head at tho valve was 302 feet (131 lbs. per square 
inch), and the pressure at the nozzle during steady flow was 108 lbs. pei 
square inch. The maximum pre*ure attuned was 143 lbs. per square 
inch, so that — p, = 12 lbs. pur square inch. 

Here, assuming a coefficient of velocity of ‘985, the velocity of effluj 

would 1)0 -985 V2 ;/ X 108 X 2'3i = 125 feet per second, so that the 

velocity in the pipe would ho 7'8I feet i)er second. 

This makes—«='312 feet per sec., per sec., and makes 

- .al = = 1,455 lbs. per square foot, 

g o2’2 

= lO'l lbs. por square inch, 

as compared with the observed value 12 lbs. per square inch. 

Uniform Closure of Valve,- Where the outlet valve is closed uniformly, the 
acceleration varies from instant to instant according to a complicated law. 

Let the pipe lino, of uniform area a square feet, discharge at its lower 
end through a valve into a chamber where the pressure is uniformly 
po lbs. per square foot. Let times be measured hachrard from the 
instant the valvo reaches its seat, so tiiat, if the valve be closed uniformly 

in T seconds, using the same notation as before we have oq = ®i 

giving the valve opening at an instant t seconds hcfarc dtmiir is comjilete. 
Let be the velocity in the ])ipo line. Equation (11) now becomes 


1 d r 
g Jo d 1 

.dx-f.\^ 
2 g m Jo 

II 

f hi r 

' " .1 a t' 



II 

1 (;2 d X = 0, 


v'^ d X -{■ c 


St buing negative. 

Also since, when x = 0, 


2p w 

Again, when x-=l, i.e.^on the outlet side of the valve, neglecting losset 
in the valve, we have 


j p = po, « = Ho, 

Jo dt d t \ 

1 V = I'o, 1 d X = /, 

1 
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— r S 

SO that —- 

'^a 




_ —1^ -I'j.' 

" “ a 1 


Writiiic-^ + — *0 = h feet, wli(!ro h is the difference 

((■ 2 (/ If 

of statical head on the two sides of the valve with no flow taking place, 
equation (7) becomes 

(8) 

‘2 (j g [lit 2 m I 

On substituting for its value-i j + »'o | *■1*'® becomes 

It (‘+11)-'""I ™ 

and on dividing throughout by the coefficient of fa, we get 


t d I'n n J 

k 110 = 'o ~ '' ''0 “ '■> 

It t 


f_ dro _+ = = 

j — /) I’o — c ^ J f'o If J I' 


2 g h 

I fi I I'll 


- ] “}■ 


2 / 

111 of V 


2 7 iJ Oa 

If a^ja is small, so that the term (y ] is small in comparison with 
unity, and may therefore be neglected, h, c, and k become constants 
having the values 

a a t « 

This will always be the case as the valve gets close to its seat, and when 
in consequence the hammer effect is most noticeable. In such a case 
both sides of (10) Income integrable. Writing this in the foim 

_.'^ ’1-^^ + /> = log,« (11) 

and determining D from the consideration that when t — T, i^o has a^ 
known value fo, we have _ 


' + M+- V- + 1+.I 


-+^-'0 V 4 

T , T 
T- log. T 


'' j.- 

■^+fo 
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or --log, 

HI 


j ( '■ + >'o ^ q — i-Q 
‘ ^ <l ~ I'o >' + I'O 
r + ro ( T \ 
q - l -g ‘ \ t I _ 

1 + L±3]L]^ 

q-T-o \ t ) 


T , T 

Fa, t 


va =-.,rrir7“rv^T “ feet per second (13) 

_ q-T-o\ _ 

where r=J c -|- - ~ - ; q c -|- ^ -|- ; nr = 2 c -f- j 

This gives the velocity of efflux, from which the velocity r„ at any instant 
within the range of valve opening over which ^ J is negligibly small, 

may be readily obtained.* • * 

Writing p„ for the difference of pressure on the two sides of the valve 
at any instant during closure, we get, as in equation (5), 


, H’ f d ■r„ , 
P.=P.+J I rf, 


*" ( 1 -f- I lbs. p8r square foot. 


and on substituting for from (8) this becomes 

=ft + ^ (’|- - j - ;i ^'} per sq- ft- (14) 

Evidently this has its niaxitaum value when I'o is a maximum and there¬ 
fore, from (18), when t vanishes, i.i-., at the instant the valve reaches its 
seat. At this instant i'o attains the limiting value q, while becomes 
zero, so that we get 

(VXa. = 1’- + I '2 ^ I 

But — f/ f' = "2 + 4 + 2 y. 4 ~ '' ‘ 


i\ dfloV, f *'"0 I O 1 ,(’' 

It follows that the rise in pressure behind the valve at the instant 
when closure is complete, above that obtaining with no flow through the 
pipe, is given by 


> Where ^ y i« not. neRliKiblc the treatment follows the lines outlined on p. 28. 

“Water Hammer,” ante eit., p. 224. This case is, liowever, not of great practical importance, 
itace the rise in pressure before the ralve gets near to its seat, and hence before the state 
of affairs hypothecated obtains, is usually very small. 



in Lbs per^Sq fns 
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Flow with Valve Open. 

Experiments by the author on a cast-iron pipe line 550 feet long and 
8‘75 inches diameter, with a range of values of the ratio a: ai from 9 to 79i 
-ahd with values of T ranging from *22 to IS seconds, show resutts in tdos6 
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accordance with those calculated from this formula. In Fig. 103 the 



experimental results are plotted against the dotted curves which represent 
the calculated results. 

Series A. a-f-ai=:19'5 h = 104‘6 ft. 

„ 13. „ = 34-7 „ = 104-6 „ 

„ C. „ = 72-5 „ = 105-.5 „ 

„ 1). „ = 8-6 „ =104-0,, 


Fressures were measured by an indicator whose drum received its 
rotary motion directly 


Lbs per 
Suuare 

typical 


from the spindle of the 
valve, and a 
diagram under these 
conditions is shown in 
Pig. 104. 

When the valve has 
reached its seat the 
pressure falls below that 
corresponding to the 
statical head, then rises 
again, a wave of pres¬ 
sure being reflected backwards and forwards along the pipe. This portion 
of the phenomenon, dge solely to the elasticity of the water column, will; 



I'-10. lO.'). 
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be explained later. If the indicator drum be rotated miiformly and 
independently of the valve Bjpindle, a diagram similar to Fig. 105 is 
obtained. Here A A' marks the pressure in ttie main before opening the 
valve, B B' the pressure at the valve with steady flow, so that the 


distance from A A’ to B B' represents; 


//r“ 


2 (I III' 


C marks the instant 


of closing of the valve and- C C indicates the excess pressure p' due 
cto closure. 

Doth theory and practice emphasise the importance of a relatively 
slow motion of the valve as it approaches its seat, and particularly at the 
instant of closing. 

Gradual Opening of Valve.—If the valve be gradually opened, so that 
both valve area and velocity of pipe flow increase with time, equation (6) 


1 P I I 1 f I ./ f 

becomes ' + + ■^ = “ j~ n P 

'■ II Jo'i t 2 (/ m Jo 


-a,;-- o.(6') 

If the valve is opening uniformly, on proceeding as before (9) becomes 
du 


«o 


r„ <1 fl„ _ a r 1 - 0 ^ I (ao\\n I _ „ I 


(!)') 


and on making the assumption that ~ is small, this bec6mes 




d Vo 


0 ^ 4 " 1 ' *'0 — c 


+ 1> 




I fdj 

(Iq 


When t = 0, let vo = vq, the flow being steady, and let uo = oi. 


Thep oo P= «! + / = <^+ AT, where A' = 


df 


Jj'o - r '<;o + <l { 
t I'o + <i ro — r J 




a, 

Ui -|- At/ 


\ m 
]Ki 


from which we get 


ro ■ 


Vo— - 


■ • <l( —V'* + r 

I \«i -|- j\tj -second. 


where r, q, m and k have the meanings attached to them on p. 227, viz., 

’ - V '■ + 4 “ 2 = - V '• ^ V- ‘ + 4 ’ ‘ “ d' 

This gives the velocity of efllux after an interval of t seconds from the 
commencement of the motion, in terms of the valve opening arid velocity 


* Here J = — . and o = 
a a t < 


2fl A. 
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of efflux at tlie latter instant. This only holds so long as the valve is 
opening. Suppose the valve to be stopped at an instant whendts opening 
is «o', the velocity of efflux at this instant being calculated to be iV- 
Let «o' -i- (I = V. 

From this time onwards = n .and equation (!)') becomes 
It t at 


I n 


d I 




So that 


' = — 


where 




'■11 n 


1 + 


1 + )(“ 


Integrating we get 


1 , V e' -f I r. JL- 

1 V <■ V (■ — t'o 

When t = 0, i.c., immediately the valve comes to rest, ro = I'o'. 

Using this to determine l>, we finally get 

Vo = ■ ^^ (•' feet per second (16) 


U -1 


V (■ — (•„ 

as the velocity of eftlux after t seconds from the stoppage of the valve, 
it will be noted that as I increases, this tends to the limit 



The method of trc^atment so far outlined, while giving results which 
are rigorously true for an incompressible fluid in a rigid pij)e line fails 
to account for many of the pnenomena actually observed during the 
stoppage of motion in a long column of water, since these are largely due 
to the elasticity of the water column. For examphs, an examinaiion of 
equations (1) or (2) indicates that an instantaneous stoppage of motion, 
involving an infinite retardation, will necessitate an infinite retarding 
force, and hence an iqhnite pressure at the closed end of the pipe, a 
conclusion which is not at all borne out by the result of experiment. 

Actually, when the column is brought instantaneously to rest, 
compression takes place; a wave of compression is reflected from the 
closed end of the j)ipe; and the initial kinetic energy of the water is 
transformed into resilient energy or energy of strain. 
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When the retardation is gradual, part of the kinetic energy is absorbed 
in doing work against the retarding force, and part in compressing the 
column, the latter factor becoming increasingly important as the rate of 
retardation is increased. 

(b) Sudden Stoppage of Motion—Ideal Case. 

^ n 

If a column of water, flowing with velocity v along a uniform pipe 
(•supposed rigid), have its motion checked by the instantaneous closure of 
a rigid valve, the phenomena experienced are due entirely to the elasticity 
of the column, and are analogous to those obtaining in the case of the 
longitudinal impact of an elastic bar against a rigid wall. 

At the instant of impact, the motion of the layer in contact with the 
valve is suddenly stopped, and its kinetic energy is changed into 
resilience, or energy pf strain, with a consequent sudden rise in pressure. 
This stoppage and rise in pressure is almost instantaneously transmitted 
to the adjacent layer, and so on, the state of zero velocity and maximum 
pressure (this at any point being ]>' above the pressure obtaining at that 
point with steady flow at velocity v) being propagated as a pressure-wi^ve 
along the pipe, with velocity V„. [F^ is the same as the velocity of 
sound through water, i.c., about 4,700 ft. per second, depending slightly 
on temperature.l 

This wave reaches the open end of the pipe after t seconds, where 
t = i -j- Fp. At this instant the whole of the column is instantaneously 
at rest in a state of compres(<fon. 

At the open end, however, a constant pressure pi is maintained, and in 
consequence the strain energy of the end layer is reconverted into kinetic 
energy, this (neglecting losses), rebounding with its original velocity v 
ffnd with the normal pressure obtaining at this point under a state of 
steady flow towards the open end with thrs velocity. 

This state of normal pressure and of velocity (— v) is then propagated 
as a wave towards the valve, reaching the latter after a second interval 
f-r-Fp seconds. At this latter instant the whole of the column is 
unstrained and is moving towards the open end with velocity v. At the 
Skme instant the motion of the layer nearest thejmlve is stopped, and’a 
wave of zero velocity and of pressure (p' below the pressure obtaining at 
the point at the instant before the stoppage of the motion, or p below the 
pressure at the point with no flow through the pipe) is transmitted along 
.the pipe to be reflected from the open end as a wave of normal pressure 
«n<f velocity v towards the valve. When this wave reaches the valve. 
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4J -T- f seconds after the latter is closed, the conditions are the same as 
at the heginnin" of the cycle and the whole is repeated. 

Under such ideal eonditjons the state eff affairs behind the valve, as 
regards pressure, would he represented by such a diagram as Fig. 10(5 A, 
the cvcle, in the case of an elastic, non-viscous fluid, being repeated 



Kiu HW. 


indefinitely. At any other point in the pipe, at a distance h from the 
open end, the pressure-time diagram would appear as in Pig. 106 B. 

Actually, hecause of the elasticity of the pipe walls and joints, part of 
ihe kinetic energy of the moving column is expended in stretching these, 
with a resultant reduction in the maximum pressure attained, this 
reduction depending entirely on the form, material, and construction of 
the pipe line. Obviously an air vessel or any such device near the closed 
end will considerably reduce the pressure, and its action may be 
considered as being due either to a reduction in the effective modulus of;. 
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elasticity of the pipe as a whole, or to an increase in the time occupied in 
bringing the moving column to rest. Owing to this, and to the viscosity 
of the water, the motion grad&ally dies out. , 

The state of affaii's is then as indicated in Fig. 107, of which A 
represents a diagram from behind the valve, and B from a point 15 feet 
from the open end of the pipe lino experimented on by the author. In 




this case the valve was closed in -07 seconds, and the vibrations died out 
BO that the motion of the pencil of the indicator became imperceptible, 
after about 30 complete oscillations. . 

( 

. Magnitude of Rise in Pressure following Sudden Closure of a Valve. 


If p' be the rise in pressure in lbs. per square foot; if K be the 
modulus of cubical compressibility of the water; and if v bo the velocity, 
of flow at the instant of stoppage (supposed instantaneous), we have, 
assuming the pipe line rigid, on equating tlje loss of kinetic energy 
per lb. to the increase in resilience:— 

2,9 2 A' w’ 





• (f) 
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Putting K = 300,000 X 144 lbs. per square foot; w = 62'4; g — 32‘2; 
this becomes 

ji = 91p0 1 - lbs. per squflre foot. 

= (>3'7 V lbs. per square inch. 

A closer approximation to the actual rise in pressure may be obtained 
by assuming that while the pipe line is rigid in that the motion is 
instantaneously stopped, yet the ekalicity i^ felt in its effect on the value 

of K, this adopting the value K’ where approx.* i 

Jtv A. f A 

In the author's experimental pipe line this makes K' = 251,000 X 
144 lbs. per square foot, and makes p' = 58'4 v lbs. per square inch. 

The following demonstration shows how the elasticity of the pipe'Iine 
and water column may be taken fully into account. 

Let K' and K have the meaning already attached to them, and let w 


* Siijipose the pijic to be of radins r Eeot, and of ooniparatively small thickness t feet, and 
let the inalerial of whicli it is composed have a mcklulus of elasticity A’lbs. per 8(.iuare foot, 

and a I’oisson’s ratio 

<r 

Then il at any section of the pipe the increase in pressure due to retardation is p’ lbs. per 
square foot, t,he increase in (he circumferential stress in the pipe walls is and in the 

longitiulinal stress lbs. jier square foot. 


It, then, 5 j* is the change 
length was ur, we have 


if. 


in length of an element of the pipe at this point, whose original 


uLi’ 

■“ 2 / A' 



/Ir = a-. ''.'Jill 

ot B 2 i A' ( 

= _ f^lZ 

t A’ 2 <r < A’’ 




. p ^ 
S r = r '— y, 
t E 


_L) 

•Jaj' 


The change in the volume of this element is therefore given by 
V {(r + S r)'' (.r .)■ 5 

, \ neglecting small quantiti^ 
= ® 1 ( of the second oi dcr. 


.('Vr/j _ ' 'l , _2\1 

( f /; \ * a 0- y + 2 f A' V ' ir;) 


)>' I" { 

. 8 V p' P i . 4 ) 

r “ 2 / A ( ■’, a j ■ 

But the actual new volume of the Ihniid = »>•> a- ^ 1 - ^ j while its apparent new 

volume = v,.» a, 11 - ' S ) I’ 

be denoted by A', is given by the relation 

a)' 

For iron pipes <r may be taken as 3*6 approximately. 


) that the effective value of A, which will 
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and F and F,„, a and a.„, be the weights of unit volume of, the 
velocities of wave proi)agation in, and the sectional areas of the water 
column and metal of the pipe tvall respectively. 

Then, with instantaneous closure the ends of the water and metal 
columns move, at impact, with a common velocity u, and waves, 
respectively of compression and of extension, travel along the water 
column and the pipe wall. 

Hence, after a very short interval of time B t, lengths V B t and F„, S t of 
the water column and of the pipe will be moving with velocity u, and the 
equation of momentum gives :— 

{w a V a,„ F,„} uB t = aV^j Bt 

1 

1 I I m 

W a V 

Each element of the column and of the pipe, as the wave passes it, takes 
suddenly the velocity u, while each element of the water column takes the 

compression —y— and therefore the stress {v 


- «) \/ 


w K’ 
9 


, and each 


element of the pipe takes the extension stress u 

• m 


» /I 


Substituting for u we have the pressure rise in the water given by 

■ \/ K lbs. per square foot. 


p’ = V 


1 + 


«' a T' 


J 


9 


F,„ 

Since'' V ■=■ \l --J? and F„ = sj this may be written 

1 


w 




V 


11+av 7:' 




«’ K' 


9 


I 9 , a / 9 [ 

V7v' h-+ a V 


I lbs. per square foot. 

. . ( 2 ) 


* Imapfine a bar of unit cniss-seclioiml area to impinjjc with velocity v in the direction of * 

. WJm I'm ^ ^ 


ite axis, against a rigid wall. After a very short interval S t seconds, a mass 

y 

been bi-ought to rest, and, if j; is the (uniform) pressure on the end of the bar during this 
interval we iiave, equating the force x time, to the change of raomeutum 


-pit = or ]> = . 

y '.'/ 


r„i. ® lbs. 

= r ——-**,80 tliat,.e(}uating these two expressions we get 
per second. 


vV u)m 
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The longitudinal stress/, produced in the pipe walls by hammer action, 

which equals u then becomes, on substitution, 

^ • 


..i 


iv aV A-'. 


lbs. per square foot. 


Valve Shut Suddenly, but not Instantaneously. 


As the time of closure of a valve becomes less and loss, the maximum 
rise in pressure will evidently tend to the limit given by formula (2) 
p. 236. '■* 


> T = , the distur- 


Now if the time of closure is so short that ! ^ _ 

» j> ^ p 

bance initiated at the valve has travelled a distance x, and has not 

arrived at the open end when the latter reaches its seal. 

In this case if the retardation is uniform (= — a), equation (1), p. 222, 

, wax 
becomes p = 


n 


lbs. 


But a = go that 

J. •i' 


V = 


V„ r„ 




II 

lbs. 


11 " ■ ' ' .'/ 
this being the value obtained with instantaneous stoppage. It follows 
tbat whatever the law of valve closure, if this is com 2 >leted in a less time 
tl'.an f-r Vp the jiressure rise will be the same as with instantaneous 


closure. 

Eor values of T between iH-i; and the falling off in pressure 

will usually be comparatively small, so that it is in general sufficiently 
accurate for all practical purposes to count as sudden, any stoppage 
occupying a shorter lime than this. 

For values of T>il-i-V^, formula (15), p. 227, may be used without 
serious error. 

Experimental Results with Sudden Closure of Valve. In the authoFs 
experiments I = 650 fee^i; K' — 251,000 X 144; A = 10’ X 144 lbs. per 
square foot; a: = 1'275 ; formula (1) p. 234, gives 

p' = 7780 V lbs. per square foot, 
z= 54'0 V lbs. per square inch. 

For comparison the observed results are shown in the following table, 
against those as obtained by using this formula. 

t) 
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Velocity 


Uisc in pressure. 

Experiment. 

before closiiiij 
Valve. 

^ T1 me uf 
Closing. 

* Calculated 
(/; - 54 r). 

E.Kpcriniental 


lout 5«?r socoiid. 

Kceoiifls. 

lbs. per sqiitin* iiicli. 

llw. p«*r square inch. 

1 

•3025 

•07U 

19-5 

19-5 

2 


•090 

tt 

19-5 

8 


•140 

tt 

18’7 

4 


•270 


16-8 

r, 


•280 

tt 

14-7 . 

’ % 





6 

•551 

•065 

29-7 

29-3 

7 


•090 


29-3 

8 


•175 


29-3 

9 


•255 


25-0 

10 


•275 

tt 

24-4 

11 


•275 

tt 

26-2 

12 

•720 

•125 

38-9 

37-5 ‘ 

13 


•135 

* tt 

38-1 • 

14 

ft 

•150 

tt 

38-1 

15 

n , 

•250 


37-0 

1() 

it 

•270 

tt 

35-7 

17 

” / 

•270 

tt 

35-7 

18 

ro94 

' -no 

59-0 

57-5 

19 


•150 


58-7 

20 


•245 


55-0 

21 

t> 

•285 , 

tt 

46-3 

22 

1-444 

•160 

77-9 

75-0 

23 

tf 

•210 

tt 

73-7 

24 


•215 


73-0 

25 

ft 

•300 

tt 

62-5 

26 

tt 

•370 

• 

tt 

58-8 ' 


From*these resirlts it appears that so long as Tia less than ‘13,seconds 
(I ~ Vp = '13) the calculated and observed pressures are in every case in 
close agreement. This agreement is substantially maintained until T = 
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about ’21 seconds, while when T r= -20 seconds, the mean error involved 
in using the uncorrected formula in this case is about 14 per cent. 

In a series of experiments carried out l)y M. Joukowsky* on cast-iron 
pipes of 4 inches and 6 inches diameter, having lengths of 1,050 and 
1,06(5 feet respectively, the time of valve closing being -03 seconds in each 
case, the observed rise in pressure agrees closely with the formula, 
p = 57 V. The following are Bome,of the results obtained by interpolation 
from the plotted results of these experiments. 


4-inch Pipk. 


Velocity, feet jier second .... 

J 

1 

1 

2-0 

3'0 

I'O 

"ffo 

Observed pressure— lbs. per square inch . 

31 

IV) 

172 

228 

511 

p = 57 r. 

29 

114 

171 

228 

1 

513 

6 INCH PiPl?. 






Velocity, feet per second .... 


•6 

2-0 

3-() 

7-5 

Observed pressure—lbs. per square inch . 


13 

113 

173 

426 

p=z51 r . 


34 

114 

ih 

427 



_ 

1 

1 



The pressure in the last experiment, calculated on the assumption that 
the water is incompressible, is 3,585 lbs. per square inch, a result which 
sufficiently indicates the nature of the errors involved in extreme cases 
by neglecting the effect of elasticity. 

These sudden Increases of pressure, commonly known as water 
hammer, may evidently become most serious with large values of v, and 
in such cases the ill effects due to the too sudden closing of a valve 

I 8tos» in WanserleUungsrokrmi St Pctcrsburff, 11)00. The author has been unable to 
ascertain the thickness of the walls of these pipes. Abstract by 0. Simin in Trans. Am. 
Waterworks Ass., 1904. 
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should be guarded against by a relief valve or ether similar device placed 
as near as convenient to the main valve. In the case of a pipe line for a 
power plant, where the head is not excessive ij is usual to provide a stand 
pipe, or simple vertical pipe capable of taking the whole discharge of the 
main, and open at the top to the atmosphere. This should be coupled to 
the supply main just before its entrance to the power-house, and the 
height should be so arranged that ■’vben standing under the statical 
pressure of the supply reservoir, the water level is within a short distance 
of the top. Under those conditions, the Tnaximum pressure which may 
occur in the pipe line is that due to the statical pressure in the stand pipe, 
together with that necessary to produce motion up this jdpe. 

It is usual in practice to make some allowance for possible water 
hammer by designing the pijies to withstand a pressure of 100 lbs. per 
square inch in excess of that due to the statical head, thus, in eHect, 
allowing for an inetantaneoua stoppage at a velocity of Id! feet per second. 


Sudden Opening of a Valve. 

^If the valve at the lower end of a pipe line be suddauly opened,, the’ 
pressure behind the valve falls by an amount;) lbs. per square inch, and 


a wave of velocity i; towards the valve 


= P\/~r (approx-) 
' A )P 


and of 


pressure p below statical, is propagated towards the jiipe inlet. 

The magnitude of p depends on the speed and amount of opening of 
the 'valve, and if the latter could be thrown wide open instantaneously 
the pressure would fall to that, obtaining on the discharge side. In the 
author’s exjreriments, with the valve thrown open through •5 of a com¬ 
plete turn the maximum drop in pressure was 40 lbs. per square inch, 
the statical pressure being 45 lbs. per square inch. 

. liVith the valve opened through ’10 of a complete turn the maximum 
drop was 20 lbs. per square inch, and with of a complete turn the 
drop was 11 lbs. per square inch. In each case the time of opening was 
less than’13 seconds , 

In the case of a horizontal pipe, or one which is so situated that the 
absolute statical pressure is everywhere greater than p, this prefeure 
wave reaches the pipe inlet with approximately its original amplitude, 
and at this instant the whole eolumn is moving towards the valve with 
velocity v and pressure p below normal. . 

, The pressure at the inlet is, however, maintained normal, 50 that th# 
Wave returns from this end with normal pressure and with velocity %v. 
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* 

At the valve this wave is reflected with a velocity which is the difference 
between 2(i and the velocity of efflux at this instant, and with a 
corresponding pressure. As the velocity of efflux will now be greater 
than V, the wave velocity will be less than v, and the rise in pressure less 
than 2' above normal. This 
wave is reflected from the inlet 
to the valve, and here the cycle 
is repeated, the amplitude of 
the pressure wave diminishing 
rapidly until steady flow 
ensues. 

Eig. 108 shows the diagram 
obtained by the author from 
the experimental pipe line umbir these conditions. 

Where the pipe slopes upwards towards its iiilel^ so that, beyond a 
certain point in its length the absolute statical pressure is less than the 
drop in pressure caused at the valve by sudden opening, then on the 
passage of the first wave of negative pressure the wave motion becomes 




Closet). 

Open - Stteady /‘/ow 


Vp Times. 


Via. liH». 


partially discontinuous after this point is reached,* and the wave travels 
on to the inlet with a gradually diminishing amplitude. The amplitude 
with which it reaches tile iidet, and which will be probably 2 or 3 lbs. 
per square inch loss than the absolute statical pressure at inlet, decides 
the state of velocity of the reflected wave. This will evidently be less 

' Actually l)efore this, since water gives up its ilLssolvcd air rapidly wlien the pressure falls 
to within 2 or 3 lbs. of a comjilcte vacuum, 



than in the preceding case, and under such circumstances the wave 
motion dies out very {piickly. As the valve opening becomes greater, the 
efficiency of the valve as a reflecting surface begomes less, so that with a 
moderate opening the pressure may never even attain the pressure due to 
the statical head. 


This is shown in Pig. 109, which is a diagram obtained by the author 
from the experimental pipe ,line wlimi the outlet valve was opened 
suddenly (time <'13 seconds) through half a complete turn. 

Neglecting the effect of elasticity of the water column, the velocity of 
efflux accompanying a sudden valve opening may be obtained as follows: 

Imagine the effective valve opening to assume instantaneously a 


value ao and to remain of this value, so that - 

(it a * at' 

Pjqua- 

tion (6), (p. 225), now becomes 



?? j. 4-- - _ 11 

+ cjj 


(C") 

while equation (9) becomes 



.1 

11 

(‘+,!■(?)')-'•} 

(9") 


ork5 = c^-rV 


where 




' 1 +^^ 

. ma* 


' m' 


BO 


From this m get 




2 c c — Vo ^ ^ ~ U’ 
while since »o = 0 when t = 0, we have D = 0. 

1 —«t •' 


I’o = c 


C -f- '>'0 , r, t 

D = 0. 

feet per second* 


( 11 ") 


( 12 ") 


1 + cf • ^ j 

giving the velocity of efflux at an instant t seconds after the valVe 
opens. 


• “ Water Hammer” ante cil^ p. 5]. This formula receires close experimental cohflrm^ioh ' 
fjota the results of experiments on the velocity of flow down the drive pipe of \ hydrianliei 
ram,' published in the Bulletin of the University of Wisconsin. No. 205,1908, p. 143. : ? 
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As t increases, this approximates to the value c or 

/ i ifh 

• Vi+'M’ 

m of 
dr 

Ey substitution in (9") the value of - J at any instant and therefore o{ 

may bo obtained, and knoviiig this the*pressure behind the valve may ^ 
be readily obtained. 


Examples. 


(1) Experiments by Dr. Lainpe on the 16-inch asphalted pipes 
of the Dantzic main gave results which for velocites between 1'6 
and 3-0 feet per second agree with the value as deduced from the 
h r*'*® 

formula = 'GOOdTl jj Determine the corresponding values of / in 


d 




the formulae h =d--when j; = 1'6 and 3'0 feet per second. 

2 (j m 

, ( -00531. 

!-(i0485. 

(2) Darcy’s experiments on a cast-iron pipe ‘617 feet diameter give the 

I, ,,L95 

result j=z: -000380^ with fair accuracy. Determine the velocity of 

flow and the discharge per minute from a similar pipe 1,000 feet long 
under a head of 50 feet. 

Velocity = 2-893 feet per second. 

Volume = 51-9 cubic feet per minute. 

(3) The following is a convenient mnemonic for flow in clean cast-iron 
pipes of diametets between 2 and 6 inches with a velocity of 3 feet 


Answer. 


per second; h= -J ,, where h is in feet, d in inches. Taking Unwin’s 
25 d 

exponential formula as being correct, determine the percentage error for 
pipe diameters 3, 6, 9, ayd 12 inches. 

3 in. diameter. Error — -62 per cent. 

6 „ ,, » + 4-0 „ 

9 „ „ „ + 9-9 „ 

12 „ „ „ +16-4 „ 

(4) W. Cox (Engineering (1892), p. 613) gives the following formate 

B 2 


Answer. 
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for flow in clean C. I. pipes 
values 


Cl 
-(I (ill.) 


, wliere 0 lias the followiiif> 


Velooitj (ft. per sec.) 



1 \ 

1 ' 

1’. 

1 

1 \ 

/ ’ 

c 

1_: 

-020 

■oflis 


•i02r) 

„( 

•isi 

•21.) 1 

■300 


w 


•m 


Compare these with the values obtained by using Unwin’s formula, 
nd determine the per cent, difference for a 3 inch and G inch pipe at 
elocities of 2, 4, G, and 10 feet per second. 

.newer. 


‘ 

Viilofity f.s. 

1 

'he per cent, error of 
the approximate 
formula is 


2 

4 

6 

10 

! 

1 

L 3 in. pipe • 

-1- 10“/o 

- 2 •'''“/a 

- J-lS'/o 


n in. pipe - 

1 

+ M'7% 

-4 2-i:)»;„ 

- 2-(a 

- 7 O"/,, ' 


(5) The jet of a Felton wheel has an effective diameter of 2 inches. 
The supply pipe is C,000 ^t long and is an asphalted pi})e 15 indies 
liamfiter,' and the supply head is 800 feet. Determine tlie probable 
lischarge in cubic feet per second, and the horse-power of the jet., 
lissume c, = ‘972: f = '0050. 

Answer. Velocity of jet = 218 f.s.; discharge = 4'75 
cubic feet per second; ffilG horse-power. 

(6) With a given slope, a clean cast-iron pipe 9 inches diameter, is 
bund to give a discharge of 25,000 gallons per hour. Determine the 
lecessary diameter of pipe, having twice the slope, to give a discharge of 
50,000 gallons per hour. (Take Unwin’s values for the index of d and 
)f V, p. 202.) 

Answer. 10'3 inches. 

(7) The outlet valve from a main 6,000 feet long is closed in 1 second. 
Determine the rise in pressure if the initial velocity of flow Is 4 feet 
per second, and the pipe is rigid. 

Answer. 264‘8 lbs. square inch. 
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(8) A uniform pipe, 200 feet long, ie fitted with a plunger which, 
originally moving at 6 feet per second, is brought to rest uniformly in 
1-5 second. Assuming jkhe water to be incompressible, determine the 
pressure on the piston caused by the retardation. 

Answer. lO'Tfi lbs. per square inch. 

(9) If, in the above example, tbe plunger is driven from a crank 1 foot 
long, and making 100 revolutitns per minute, and with S. H. motion, 
determine the pressure produced by retardation at the end of tbe strokp. 

Answer. 295 lbs. per square inch. 



CHAPTER IX. 


Losses in a pipe line—Hydraulic gradient—Losses at Valves Bonds—Elbows—Exit—Flow 
in long pipes Time of discharge through pipe line—Equivalent diameter of uniform 
main—Branch mains—Multiple supply—Bye-pass—Distnbution of water- I'ipc line 
accessories—Syphons—Invcrtcfl Syphons—Flow' through nozzles—Form of nozzle— 
Maximum discharge of kinetic energy through a nozzle. 


Am. 71.—Pipe Line Losses. 

In constructing a pipe line to connect two reservoirs, or to distribute 
ihe discharge from any reservoir, the problem which usually presents 
tself to the engineer is that of determining the minimum size of 
jipe which, under given conditions of head loss, shall be capable of 
lischargiug a given quantity of water per minute. In the construction 
)f a supply pipe lino for a power station, the problem is much the 
lame, and in every case it is first of all necessary to determine the 
londitions involving loss of head, and the magnitude of these losses. 

Commencing at the supply end of the pipe, we have 

(1) Loss due to friction and eddy formation at the entrance to the 
fipe. 

(2) Frictional losses in th§ pipe itself. 

(3) . Losses at valves, sluices, etc. 

(4) Losses at all elbows, bends, or deviations from the straight. 

(5) Losses at pipe junctions. 

(6) Losses at sudden enlargements, or contractions in the area of the 
)ipe. 

(7) Loss at exit, due to the rejection of kinetic energy. 

In every case these losses are approximately proportional to the 
tquare of the velocity, so that if d be the velocity we may write total loss 
ifhead = iH7 = F’*’’. 

Where a pipe line connects two reservoirs, the difference of heail 
letween their free surfaces must then equal F dV for the pipe to run full 
vith velocity v. • ■ . ' 

If in Pig. 110 a horizontal A li be drawn through the upper free 
iurface, and if a series of ordinates he drawn vertically downwards from 
representing on the vertical scale of the drawing the total loss of 
iresBure energy per' lb. from the pipe entrance to the partioi^ar pqipt 
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considered, the ends of all such ordinates being connected give a curve 
called the hydraulic gradient for the pipe line. If now any datum 
line C D be taken, such ’that the height 0 A represents the potential 
energy of the water at A, the height of any point on the gradient line,; 
above 0 D, will evidently represent the head available for producing flow 
at that point, while the pressure energy at all points on’the hydraulic 
gradient will be zero. It follows that it a series of open stand pipdS 
are erected at various points on the pipe line the free surfiices in these ‘ 
pipes will lie on the gradient line, while the pressure in the pipe at any 



point will be measured by the vertical distance !/i, y^, etc., of that point 
below the gradient. 

The slope of the hydraulic gradient is termed the “virtual slope 
of the pipe. 

Pig. 110 represents the hydraulic gradient for the pipe line shown 
in elevation, which consists of a parallel pipe P Q, having a sudden 
enlargement of section at Q, remaining parallel from Q to It, and dis¬ 
charging at It into the service reservoir E. 

Here a b represents frictional and eddy loss at entrance : h d repre¬ 
sents frictional loss frotn P to Q = ft.-lbs. per lb.: d e represents 

)ss due to sudden enlargement of section = - — ft.-lbs. per lb. 

' / represents loss due to friction between Q arid It = ft.-lbs 

ler lb.: fk represents loss due-to rejection of kinetic energy at exit, '■ 
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The vortical distance from the datum to the broken line ab dcfk, 
low represents the sum of the (kinetic + pressure + potential) energies 
it any point, and if c [i be drawn parallel to ft if at a vertical distance ft c 
ri^ 

lelow ft d, eijual to the distance from the datum to the line c g 

low gives the sum of the (pressure + potential) energies at any point 
rom I‘ to Q, If similarly a Ihie ft ft boMrawn parallel to ef, at a vertical 

listance below this equal to ^ ’ the whole line a h c g hk now repre- 

leiits the hydraulic gradient for the jiipe. 

The pressure in the pipe line will Ins everywhere greater than that of 
ihe atmosphere, so long as the pipes nowhere rise above the hydraulic 
gradient. If part of the pipe line l)e laid above the gradient line, the 
iressure in this portion of the pipe will be less than atmospheric, and 
my leakage at a joint alloivs air to be drawn in with a possible stoppage 
if flow. If the pipe rises above the gradient line by a distaiico 
iquivalent to the barometric height, !t4 feet, the flow will of necessity 
stop completely. Owing to the discharge of dissolved air from water at 
ow pressmans, the maximum height practically attainable is however 
much less than this. The syphon (Art. 82) is an instance of the pipe 
line being above the hydraulic gradient.. 

If then the suffixes A and K refer to the surfaces in the two reservoirs 
ind if / , and Zg are the heights of these free surfaces above some datum, 
we have, if the pipe discli^es below the surface in the lower reservoir 
■ „ Zj — Zg — illg = losses at entrance + losses in pipe 
+ losses at exit. 


Aet. 72.— Detailed Losses in Pipe Line. 

(1) Losses at Entrance.—These dejiond on the form of entrance 
adopted. Thus with a bell mouthpiece the loss of head is about '05 

feet of water (p. 119), while with a pipe projecting into the reservoir 
and forming a re-entrant mouthpiece, the loss, when running full, is > 

^ feet of water (p. 113). 

Where the pipe opens flush with the side or bottom of the reservoir 

the loss of head becomes about '47 5 -- feet (p. 117). 

a ft 

' yrom what b.as already been said, it will be seen that thjs loss offi; 
energy occurs simply in getting the lyater into the pipe, due to the 
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formation of a reva contrarta and the subsequent re-enlargement of the 
stream to fill the pipe. This reduces the energy available for producing 
motion along the pipe a*d gives a 
reduced flow with the same total 
licad. 

(2) Frictional Losses in the Pipe.— 

These have been considered* in 
pp. 195-210. 

(3) Losses at Valves, etc.—The loss 
of energy caused by the presence of 
a valve or sluice in a ))ipe line may 
be looked uiwu as being due to the 
sinuous motion set up by tbe expan¬ 
sion of tbe str<!um to fill the pij)e, 
after its contraction in passing the valve and, by an application of 
the formulae deduced on pp. 83—ill, this Iosif can, except for irregularities 
in design which them.selves cause .sinuous motion, and which may, even 
when the valve is wide open, cause a loss of head amounting to as much 
as from one to ton times r‘‘ -f- 2be appn'ximately determined. 

Loss caused by Sluice in Eectangular Pipe (Fig. llln).—Depth of pipe D. 
Dejith of sluice ojioning </.' 



I'lG. 111. 


•1 

•2 

•3 

•4 

[ ; 

•5 

•fi 

•7 

•8 

•9 

1-0 

j 193 I 

44-5 

17-8 

8-12 

4-02 

2-08 

•95 

•89 

•09 

•00 


Here contraction is prevented in three directions, and for small 
openings the result of this is marked by the reduction in the value 
of F. 


Gate Valve in Circular Pipe (Fig. Ill h ).—Let h = ratio of height of 
opening to diameter of pipe. 


h 

i 

i 

i • 


I 


1 

i 

1-0 

i 

F 

97-8 

17-00 

6-52 

2-Ofi 

•81 

•20 

•07 

•00 


^ Loss ss -i-2 g feet. Results due to Weisliach. 
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Cock in Cylindrical Pipe (Fig. 112 a ).—Here a = area of section through 
valve: A = area of pipe: 6 = angle through which valve is turned. 


9 

5° 

10° 

15° 

20° 

25° 

30° 

35° 

40° 

! 

45° 

a 

A 

•93 

•85 

•77 

•f)9 

i 

•61 

•535 

•46 

•3.85 

•315 

j 

F 

•05 

Oi 

•75 

1 

P56 

i 

i 

31 

' 5-47 

9-08 

17-8 

31-2 


9 

50° 

5,1“ 

00“ 

05'' 

a 

V 




A 

•25 

,.•19 

■14 

•09 

F , 

52-6 

106 

206 

486 


Throttle Valve in Cylindrical Pipe (Pig. 112 6).—These expcriinenta 



Fig. 112 . 


wpre carried out on pipes and valves of slightly under 2 inches 
diameter. 

Experiments on a gate valve for a 24-inch pipe* gave values of F&a 


9 

1 

6° 

10° 

20° 

■ 30° 

' 40° 

! 

6t° 

(i0° 

70° 

*90° ^ 

F 

•24 

•52 

1-54 

3-91 

i 

10-8 

32-6 

118 

751. 



j^iiitichling, Transactions American Society Civil Engineers," 181)2, vpl. 
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indicated in the following table 


h 

n 

i I 

• i 


i j 

A 

F 

•8 

1-6 

1 3-3 

j 22-7 

..- 

41-2 


* 

This loss due to alteration in area and shape of section is serious in 
nil hydraulic machinery when working at high velocities, and especially 
in machines of the piston type. Here, for ef&ciency of working, i^ is 



above all things important that the velocities should bo kept as low as 


(4) Losses at Bends and Elbows.-Whenever the direction of motion of 
a stream is abruptly changed, as at a sharp bend or elbow, a ^ 

is experienced which appears to be due to the formation of a vena eon- 
traJa on passing the elbow and to the subsequent re-enlargement and 
bS whi!h then takes place (Fig. 113). With an easy bend,, recent 
experiments 1 by Dr. Biightmore show that the state of affairs is very 
th. roMd the tad jrS; 

mating to that in a free vortex, its velocity being greatest at 
and iLt at the outside of the bend. 

shown that in such a case the loss due to the bend does no){ occui 

I “ Proceedings Institute Civil Engineers,” 1906-7, vol. 109, p.^lB. 
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much in the bend itself as in the portion of straight pipe immediately 
following, where the equalisation of velocit’es in the stream of water 
gives rise to eddy production. Using cast-iro^ pipes of 3" and 4" diameter, 
the loss in the bend itself was found to he almost identical with (some¬ 
times less than) the loss in a corresponding length of straight pipe. 
Prom this point of view it is probable that the loss occurring with a 
bend of uniform curvatui;e will boi largely independent of the angle 
through which the bend is taken, and that a bend of say 4.')” will cause 
little less resistance than one of 90°. Also, as is confirmed by experi¬ 
ment, the resistance caused by a reflex bend will be much greater than 



Fig. 111. 


that caused by two simlfar bonds having continuous curvature in one 
direction. 

The first experiments of any note on the resistance of bends are due 
to IVekhaeh, who from experiments on pipes of inches diameter, 
deduced the formula 

* ,.4 

/ij 5 = loss of head due to bend = F x toao 

if 1 

where B is the angle through which the bend is carried. 

Foe circular pipes, F has the value -f 1-847 where r ig' 


the radius of the pipe, and 11 the radius of thf bend. 

Per pipes of rectangular section, F = -124 -f 3104 where 8- 

is the length of side of a section parallel to the radius of curvature of the 
bend. 

• These experiments were, however, not numerous and were &ly cajtri^ 
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out on bends of small radius, so that not much reliance is to be placed 
in the results. 

For sharp beads or elbows (Fig. 113), Weisbach deduced the formula 


Loss = F 


‘iff 


feet 


where F = ‘OlO sin^ + ‘2‘05 sin*-, 

•if 

0 being the angle of deviation of the elbow. 

With a tee branch pipe (Fig. 114) the loss is rather greater than in a 
right-angled elbow (see p. ‘i.'iC). 

Recent expcriineuts by the author on elbows of rectangular section, 
J in. X 1 in., showed the loss to bo proportional to for all velocities 
up to ‘22 feet per second, and gave the following values for F: 


e 

9U'’ 


ir.o ! 

• .‘ii)" 

15” 

F. (Author) 

... 1*20 

•492 

•268 

•111 

•0240 

F. (Woislmch)... 

... i -99 

■865 

•183 

1 

•0728 ' 

■0222 

_ __ .. 




__• _ 

_ _ _ 


These correspond to the relationship F = ‘0000676 where 6 is in 
degrees. Thi! values are considerably greater than those given by 
Weisbach’s formula, and while the difference may be due to some extent 
to the difference in the shapes and sixes of the passages, recent experi¬ 
ments on elbows of circular cross section, see p. 254, tend rather to 
confirm the author's value when 6 = 1/0°. 

Experiments by Aleraniler,'^ b) and by Brightmore,^ the 

former using varnished wooden pipes of IJ inches diameter, Williams 
using asphalted j/ipts of 12,16, and 80 inches diameter, and Brightmore 
Using cast-iron pipes of 3 and 4 inches diameter, indicate that the 
additional loss due to the curvature of a pipe does not, as might be 
expected, diminish uniformly as the radius of curvature increases, but, 
after attaining a minimum value for a value ot 11 = 5 r (Williams and 
Alexander), 11 = 7‘5 r (Brightmore), increases slightly to a point where 

1 “ Proceedings Institute (’ivil EiigineerR,” vol. 159, p. 341. 

* “ Proceedings American Society Civil Engineers," 19Ul, p. 314. 

* “ Proceedings Institute Civil Engineers," 1906-7, vol. 169, p. 313, 
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R = about 13 r, and afterwards diminishes to zero with a curve of infinite 
radius. The experiments further show that the power of v, to which 
the loss is proportional in a gradual bend, i^ the same for the bend as 
for the straight pipe. Alexander, as the result of his own and of 
Williams’ experiments, concludes that the additional loss due to a bend 
of radius R = 5 r, is equivalent to that offered by a length of straight 
pipe equal to 3'88 I, where ^ is the length of the curved portion of the 
pipe. Thus if the angle of the bend is 90° this makes the equivalent 
length equal to 18‘3 d, where d = pipe diameter in feet. This agrees 
with the results of a number of experiments made at the Yorkshire 
College,* from which it was concluded that the resistance of an easy right- 
angled bend is equivalent to that in a straight pipe 10 to 15 diameters in 
length, while for a sharp right-angled bend or elbow the equivalent length 
is from 80 to 36 diameters. 

Brightmore’s results point to the fact that for all carves of the best 
radius, for all diameters of cast-iron pipes and for all velocities, the 

additional loss of head due to the curvature in a right-angled bend is 

,.2 

approximately equal to '3 5 — feet. 

The following values of F are deduced from Brightmore’s results:— 


Value of JR -T- r. 


— 

Vel. f.B. 

Elbow. 

4 

8 

12 

1C 

20 









' V- ’ 








Pipe, 3" diam. 

6-0 

1-14 

•43 

•32 

•87 

•82 

•26 , 

99 

7-6 

1-26 

•43 

•32 

•40 

•33 

•19 

99 

10-0 

1'17 

■42 

•81 

•89 

•35 

•19 



1 

Value of iJ -■ 

r r. 




- 

Vel. f.8. 

Elbow. 

4 

8. 

12 

16 

20 

Pipe, 4" diam. 

5-0 

1-14 

•37 

•26* 

•87 


•26 


7-6 

ri9 

•38 

•80 

•31 


•21 

99 

10-0 

1-17 

•39 

•30 

•32 


•2i 


Enginttring, September 26,1896, p. 390. 
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Experiments by E. If'. Scliodcr^ on right-angled bends having radii 
from 1'34 to 20 pipe diameters, on a O-inoh wrought-iron pipe, give the 
following approximate valijes for F. The resistance curves appear to 
attain a minimum where B = 10 r; rise to a maximum for B = 14 r ; 
attain a second and lower minimum for R = 80 r ; and afterwards show 
increased values as R increases within the limits of the experiments. 



The general conclusion to be drawn from the foregoing results is that 
R should be about 80 r for minimum loss of head, while if circumstances 
forbid the use of bends of such great radius, R should be between 5 and 
10 r. Values of B less than 5 r, or between 10 r and 20 r, should be 
avoided where possible. 

Loss of Head in Commercial Screw Pipe Elbows and Tees.—Experiments 



1 (I Vroceediogs American Society Civil EngineerB," 1908, pp. 34, 41C —445. 
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Loss OF Head in Commehoial Elbows and Tees (continiwd). 


0) 

Experiineiitcr. 

(^) 

Kitting uatiie and 
type. 

1 

(3) 

VHlocity in 
pip« leot per 
KtiOUlllj. 

• 

Excess loss 
Ot'licai] 
oaiis«d by 
IlUing 
feet of 
water. 

{■') 

Li'iigUi of 

pijHS leqi 
give sail) 
loss of 

(In feet) 

O') 

utraiglit 
mwl to 

0 OXCUSK 

head. 

(Ill pipe 
dia- 
nictcis) 

i 

Value ol 
F in loss 
of head 

'ig 


1 • i lie li cast-iron 

2 

'0-0(13 

2-55 

31 

1-02 



I elbow (old) 

5 

0-3(15 



0-95 




10 

1-37 

M 


0-90 


Oavisk 

2-incli mall, iron 

2 

(►OKI 

4-81 

2S 

0-71 



elbow 

1^ 

0-28 

5-82 

34 

0 72 




I’u 

1-07 

(1-4G 

38 

0-09 


>1 

2*inch cast-irou 

2 

0 OHO 

8-37 

49 

1-29 

1 


^Ibow 

r» 

0-52 

10-8 

(13 

1-34 




10 

2-01 

12-3 

72 

1-32 

) 

Daley 

3-inch cast-irou 

1 

0(M)H8 

5-58 

20 

0-571 


elbow 

r> 

0-211 

(1-20 

24 

0-5 ll 



10 

0 84 

(1-07 

20 

0-51 

1 



23 

5-15 

7-23 

28 


i 


4 - in c h cast-iron 

1 

(H)107 

0-10 

27 

1 



elbow 

5 

0-231 



U-()l 




10 

0-8!) 



0-58 




25 

5-l() 

n 


0-54, 


Sehodcr . 

ti-iuch casC-iron 

3 

0-()77 

15-3 

30 

U-55 



cUiow 


0-105 

11-1 

28 

n-5(> 




10 

0-75 

! U-5 

29 

IN8 

r 


W 

10 

I-00 

14-7 

29 

o-jsJ 

1 

Davis 

2-inch cast-iron tec 

2 

0-115 

12-0 

70 

1-851 

1 


and plug (water 

^ 5 

: 0-74 

15-4 

90 

1-91 

[ 


leaving branch) 

10 

2*02 

17-6 

l(t2 

i-ssj 

1 


Same tee (water 

2 

(t-081) 

9-3 

54 

l-lSl 

1 


entering branch) 

5 , 

()-(l() 

12-5 

72 

1-55 

I 

k 



10 

2-52 

15-2 

88 

l-Ki) 

i 

Daley 

3-inch cast-iron toe 

I 

0-0302 

24-9 

9(1 

2-531 

1 


and plug (water 

r> 

0-050 

27-0 

104 

2-45 



entering branch) 

10 

3-70 

29 8 

115 

2-43 




25 

22'(>5 

31-8 

123 

2-33, 


II • 

Same lee (water 

1 

0-0242 

15-4 

59 

1-5B1 



leaving branch) 

5 

0-503, 

10-v 

04 

1-45 




10 

2-22 

17-0 

08 

1-43 

f 



25 

13-40 

18-8 

73 

1-37) 


.H V » 

3-inch cast-iron 

1 

0-0202 

12-8 

50 

1-301 



toe and dead end 

5 

0-352 

10-C 

41 

. 0-91 



(water entering 

10 

1-41 

11-2 

43 

0-911 



branch) 

25 

8-66 

12-2 

47 

, 0-89) 
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I,oss OF Head in Commehoiai, Ki.bows and Tees ^pimtiranl). 


(1) 

Experimenter. 

P) . 

l-'itting name and 

CO 

Volocil.v in 
pip« fiH per 
second. 

(4) 

Exocrs loss 
Ol'lll'Mll 
piiusod by 
ttU.ing 
frel, of 

^ WtttOl. 

Daley . . 

Same tee (water 

1 

0*0101 

leaving branch) 

.') 

0*275 



10 

1*10 



25 

7*40 


4‘inch cast-iron 

1 

0-0291 


tcc and plug (wivtcr 

5 

0-000 


entering branch! 

25 

2*18.5 

11-80 


Same tee (wat.or 

1 

0*022;i 


leaving branch) 

r. 

0*483 



10 

VS’.! 



25 

10-70 


4-inch cast-iron 

1 

0*0199 

” 

tee and dcjui end 

5 

0*455 


(water entering 

10 

I'Vb 


branch) 

2.) 

10*40 


Same Ice (water 

1 

0-0175 


leaving branch) 

r, 

10 

0*378 

1*50 



25 

9*20 


4-inch cast-iron 

I 

0*0173 


toe filled in to 

T) 

0-427 


make a wjuarc 

10 

I'fiO 


cllww 

25 

10*40 


3-inch coupling 



■ • 

l-inch eoupling 





(i) 

<«) 1 

CD 


Leii^Ui of straight 



pipe required to 



Biv« Httuio excess 



loss of Jieiid. 

F In loss 







(111 pipe 


1 


(In feet) 

dia- 




nioters) 



10*2 

40 

101\ 



8*2 

32 

0-71 



9*2 

30 

0-7.'i 



10*4 

40 

076 



21*8 

73 

l-88l 




07 

1*55 



21*8 

(U 

1-11 



201 

59 

l*22j 



1 * 




18-9 

,55 ' 

l-44i 



183 1 

54 

1*24 



1 183 

54 

1*17 



19 2 

54 

l-ioj 

1 


10 9 

50 

1-28' 



17-1 

51 

1-25 



17 0 

52 

1-1.8 



177 

52 

1*07^ 



14*9 

44 

1-13 



14*3 

42 

0*97 



15*1 

44 

o-y7 



15*7 

40 

0*95 



14*7 

43 

M2 



10-2 

48 

1-10 



10*7 

49 

1-07 



17*7 

.52 

1-07 



0*2.5 

1*0 



0*05 

1*9 




_ 



A 


by Professor E. W. Sehudrr, Messrs. D. H. Daley, P. Bam, and G. J. 
Davis} on common cast-iron and malleable-iron short turn, screw end 
elbows and tees in wrought-iron pipe lines give the results shown in the 
following tables. The range of sizes is from i inch to 6 inches 
In these fittings the inside “ burr ” at the ends of the pipes, caused by the 
wheel pipe cutter, had been reamed out. Two sets of experiments were 
carried out with each toe pipe. In the one, a short length of pipe with a 


I Tbe Cornell Gie'd EBgii^eei% Vol. 20, No. S, Decembcv, 1911. 
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eap was screwed on to the idle end forming a “ dead end,” while in the 
other the idle end of the tee was capped directly by a screw plug. 

(6) Losses at Sudden Changes in Section of the Mpe.— These have been 
already considered in Art. 33. 

(6) Losses at the Exit from the Pipe. - Where a pipe discharges below 
the surface, it is possible by using a diverging outlet, to convert a certain 
proportion, up to about §, of the kinetic energy of pipe flow, into 
'pressure energy. With this exception the whole of the kinetic energy is 
dissipated in eddy production in the surrounding mass of water. 

With a given difference of surface level in the two reservoirs, the depth 
of iremersion of the pipe entrance or of its exit does not in the least 
affect the flow, since, although the difference of level between entrance 
and exit is increased by lowering the exit or by reducing the depth of 
immersion of the inlet, yet the pressure at which the water is discharged 
is increased, and that at which it enters the pipe lino is reduced, by a 
corresponding amount, so that the effective head producing flow is 
unchanged. 

Where discharge takes place above the free surface, the pressure at the 
exit is atmospheric, and the energy at this point exists solely in the 
potential and kinetic form. If represents the height of the outlet 
above the free surface K, the equation of energy now becomes 

— aJJk 2 7y 


or Zx — [Zf: + /ij = los^t entrance + losses in pipe + the whole 

of the kinetic energy being rejected in this case. 

Where a pipe is composed'of a series of lengths having different 

diameters, the total loss of head in the pipe will be given by S ( 

t!* . ■ ^ 

where F represents the loss in any length of pipe having the velocity 

* -a () 

of flow r. Since the velocities in the different sections of the pipe are 
inversely as the areas of these sections, the whole series of losses can, 
Ihen be expressed in terms of a single velocity, and this having been 
determined the discharge may be calculated. 

As an example of the application of this reasoning to the solution of a 
specific case consider the following. 


Example. 

A firinch main takes water directly out of the side of a reservoir at a' 
depth of 10 feot. At the end of tho first mile, in the course'of which, 
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there are six right-angled bends having a radius of curvature of 6 inches, 
it is suddenly contracted to 3 inches diameter, and remains of this dia¬ 
meter for 2 miles, until itS exit directly into the side of a second reservoir 
at a point 2 feet below the surface. The difference of surface level in tho 
two reservoirs is 220 feet. Determine the flow through the pipe per 
mir.nte. 

Tnliing the losses in tho order in which ^hey occur we have 


(1) Loss at entrance : 


'5 ’_i, (in eddy formation) where ti = velocity* 
2 <1 


in (i-inch pipe. 

(2) brictional losses in one mile of O-iiich pipe. Taking 

_ -010 X 5280 X 


J' = '010 this becomos 


2 I/ m 




feet. 


= 422-4 feet. 

(8) Loss at six bends in 6-inch pipe. 

= 0 [-86] lij feet (p. 255) 

= 2-16 feet. 

(4) Loss at sudden (diange of section. 

Assuming a rena cnutmcia to bo formed of sectional area equal to -66 
that of the 8-inch pijio, we have, if bo the velocity in this pipe. 


Loss: 


1 1 r -266 r./ 

— If = - r, feet. 
■66 i 2 (-/ 


6* . r,'-* 

= 4, we have Joss at change of section = 4"25 feet. 
8^ 2 a 


Since - 

i;i 8- 

(5) Friction loss in 8-inch pipe. 

16I 


This equals j- 


2 g VI 


2 </ in 

16 X -01 X 2 X 5,280 


( 1 ) 


2.0 


feet 


= 27,083-6^'^ feet. 

2 g 

(6) Loss at exit. 

Since the whole of the kinetic energy is thrown away, the loss will be 
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he’ad°'' 1 = + 2-2 + 4-2 + 27,033-6 + 161 

= 27,479 feet. 

2 ff 

Since the prcRsures at the entrance Jf and exit I) are those 
corresponding to their depths below the free surfaces, ri:., 10 feet and 
2 feet, we liave, neglecting the velocity before and after leaving the 
,;)ipe— 

Head before entering pipe = Zj, -f- 10 = Z,i. 

Head after leaving pipe = Z,, + 2 = /f,.. 

Loss of head in pipe = Z, — Zf: — 220 feet. 


27,47!) ‘ 
2 


2-20 




X 220 


= ‘717 feet per second, 


27,479 

«'2 = 2'868 feet per second. 

Quantity flowing per second = 

= ’141 cubic feet per second. 

In gallons per minute this gives {‘111 X G'24 X GO}. 

= 62'8 gallons ))er minute. 

If it he required to find the diameter of pipe noces.sary to give a 
certain discharge between two reservoirs, the difference of level in the two 
reservoirs being fixed, on expressing the fact that the total difference of 
head is equal to the sum the pipe lo.sses, we have, if 

I = length; d = diameter of pipe; c = velocity of flow ; 

II = difference of head in' reservoirs; (J = quantity reijuired per 
second in cubic feet. 

K' -If I K" i? 

II — "s— (at entrance) + if— t friction) + - - (at exit). 

zg 2 p (t z g 

-If we have any bends or obstructions in the pipe, the losses caused by 
these may all be expressed as A'"' so that if A = (A' + A" + A'") 
we have 

i|nfe4t. 

d I 


^•2 ( 


Also Q = v X area of pipe, .'.v = iQ-i-v dJ^ 

//=^!L |A+^^ilfeet, 

‘igT^d* [ ' d > 

an equation from which the value of d may be obtained b^graphicaf 
solution, by trial, or bv successive approsimations. 
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Akt. 73.— Flow in Lono Pipes. 


A consideration of the preceding example will show that in a long pipe 
the losses at bends, at entrance and exit, and at changes of section, are 
usually so small in comparison with the friction losses as to be negligible, 
so that for a long pipe connecting two reservoirs, the whole resistance 
may be taken to be given by • • 

+ b _ 1 feet head . ' 

2 <; m 2 p I mi m-i ' vin ) 

n, ® 2 , etc., being the velocities, and iiii, etc., the hydraulic mean 
deplhs, ill the lengths li, k, etc., of the pipe. 

In short pipes the losses due to velocity changes become of ^eater 
importance as the length of pipe diminishes, and fur pipes of lengths less 
than 100 diameters will, in general, be important. 


Art. 74. —Time of Disciiarob Through an Uniform Pipe Line. 

If two reservoirs of area Ai and are connected by a single pipe of 
diameter d and length /, and if v bo the velocity in the pipe when h is 
the difference in surface level in the two reservoirs, we have 




feet. 


2 p t ' d I 
where K = coeflicient of loss at entrance iind exit. 
If the pipe is long this may be written 


/< = : 


In this ease r 


‘±.fl 

d 

hit. 


without sensible error. 


Also- 


dh 

di 


'^IL 

= ^ /' P®’' second, 

relative velocity of surfaces Ai and Ai 

1 . 1 I 


1 


d h / 2 q d TT d‘^ j 1 I M a/U1~ 

;ri-V 4/f '^4 • lAi'^ .4i\ " 


rjP i 
4 

dh _ ! 'i q d T! d‘^ 

The time (ta - 0 =€) necessary to reduce the difference in level from 
lii to 7/2 is then got by integrating this expression between the given 
limits 

. f_ sVTfL _ \hi^-hM. 


secs. 
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2^ 


U'+-' 


I 


1 


secs. 


■ i'l I 


Thus the time of filling a reservoir from a second reservoir Ai, whose 
level remains constant, i.e., Ai = ao is given by 


t = 


iyji .A; 


ih^ - ih^ 


secs. 


Art. 75.—Equivalent Diameter of an Uniform Main. 


The diameter of an uniform pipe which will give the same discharge as 
that Sf a pipe of variable diameter when laid between the same points 
and under the same conditions as to head, may be determined by equating 
the resistances of the two pipes. 

If li, k, etc., be Ahe length of portions of the pipe having diameters 
di, dk, dji, e!c., and velocities of flow, vi, r-i, vs, and if L, D, and V refer 
to the uniform pipe, we have for the same flow 


■pyi = y j hiL I h'l 

2 (I m ‘2 ij I iHi ' ■«i2 


+ hll 

'»h 


+ 


etc. I 


or 


LP_ I 

-jr -\y + y + nr + ) 

The discharge Q in cubic feet per second is given by 

IT 1)^ Ti dl^ IT di , 

— .'I =_l-^'i = -j^-.r2,etc., 

V 

So that equation (2) becomes. 


4 (^ \ 
■nlfi ■ 


. i-'i = 

. 

V\ j g • f a — -V ~0 > 

t: di Ti d<i 


etc. 


If'' 


{ 


n 


?+S + l- + -‘'-l 


( 1 ) 

( 2 ) 


This neglects losses due to the changes of section between the lengths 
ht h, etc., and will only be true when the pipe is so long, and the number 
of changes of section so small or so gradual as toirender this loss sensibly 
negligible. 

With a pipe which has a large number of sudden enlargements in the 
direction of flow, we get 

V-2g 2gm 'Jifj [ 9«i Mi Mi } 
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X _L 


(»;, - »a)“ + («2 - r,)” + etc. } + 
The last two terms maj^ be written as 


2.</' 


"A f ^ ^ “h "h ) — 2 (ri r2 -}- t’a 4* ^*4 4" j 

1“ I 1 +Zi 1 = ^ r + 2 2 - 2 (ri rj + 'vr, + etc.)! 
2 £1 1 ' WI ) 2 (/ L J 

, , 4/L 


“J/ 


from which, when ffi, lia, <? 3 , etc., are known, the value of D may be 
determined. 

Airr. 76.—Bkancii Mains. 

Where a large main is divided into a number of branches, rfi, da, dj, etc., 



Then 


Vj , '•'a , rr (where ,,Hj represents tho ,,, 
Zji — Zj-\- j^+ •’ (loss of head from A to J. 


Similarly 


'W^‘ig 

‘^'+ir;+s1='''+'"' 


( 2 ) 

(3) 

(4) 
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Also if all the pipes run full we have for continuity of flow 

^'a — -^b “^b "f” -^c “h (5) 

Since, in these five equations, the only unknowns are the four velocities 
and the pressure at J (the losses jUn, etc., being determinate in 
terms of the velocities), the equations are perfectly determinate and a 
solution will give the velocities in the various pipes in terms of known 
quantities. The quantities discharged Jihrough each pipe may then be 
detennined. 

' Example. 

A reservoir A supplies three supplementary reservoirs B, C, D through 
a single 24-ineh pipe divided at J into two 12-inch and one 18-inch pipe 
leading respectively to reservoirs B, C, and 1). If the lengths of these 
pipes are /„ = 500 feet, /,, = 1,000 feet, 4 = 1,500 feet, 4 = 3,000 feet; 
and if = 50 feet, Zg = 80 feet, = 10 feet, Z,. = 20 feet, Zj = 
10 feet, determine the velocities of flow in each pipe. Take / = '005, 
and neglect all except friction losses. 

Here jllj in equation ( 1 ) above becomes 

•005 X 500 X 4 ■!’„“ _ 5 r,,’ 

2 i g~ i g ' 

Determining all such values, and substituting, equations (1) to (5j 
above become 



(1) 


( 2 ) 

- 29 = - 30 

M a (/ 

(3) 

2 

Vj _ 39 ' '' = _ 20 

W 2 g " 

(4) 

»■,. = n + r. +^-25 Prf. 

(5) 


Subtracting (2) from (1), (3) from (4), and (3) from (2) we eliminate 
and get 

6p„Hl9n“ = 40p (6) 

29 r/ - 39 p/ = 20 g (7) 

29 I’/ — 19 r,J‘ =:iOg • (8)* 

Determining i\, and r,, in terms of i\ from equations (6), (7), and (8), 
md substituting these values in (5), this becomes, on writing g = 32’2; 
md simplifying 

4 tv = V "b7”75 -~.316 + 

o-o.'i ./ iu-r. _ •1S4 n 
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Writing this as 4 — </> (?>„) = F (?,'„) (where 0 (t>„) is the right-hand 

side of this equation) and giving the value 

p‘0 this makes (F v^) — — 7'32. 

Putting = 6-5 „ „ F (r„) = - 5-13. 

» 7'5 „ „ F (('„) = -j- ’‘ili. 

A Plotting these values of »„ and F (v„) we find that = 7‘48 makes 
;F (O = 0. and therefore satisfies the above fqiiation (3). 

Substituting this value of v,, in equations (6), (7) and (8) gives fj, = 
7‘08, = 8‘79, r,, = 6‘39, while from equation (1) we have 

= 10 — (>4^ = 4'78 feet of water. 

It tg 


Aut. 77.—Multiple Supply. 


Where more than one reservo: 
common pipe, tin! surfaces of the 
water in the supply reservoirs 
being at different levels, it be¬ 
comes necessary to determine 
what share of the total flow each 
of these sources of supply con¬ 
tributes. F.g., in the case 
illustrated in Fig. 11.') the two 
reservoirs A and B, with surface 
levels and above datum, 
feed through pij)es of areas 
and .4i„ into a common pipe of 
area A^ at J, the joint flow 
passing into a reservoir at 0, 
with its surface at a height Z^ abq 
Here we have 


■ or source of supply feeds into one 



Fiu. IID. 


datum level. 


^A = ^J+ 

+ ^ 

+ jTic = 


jJJj representing the 
loss from A to J. 


Also if all the pipes run full we have for continuity of flow 


( 1 ) 

( 2 ) 

(3) 


Aa Va + At V„ = A, V,. (4) 

Then since ^TIj, gllj, jHc are respectively proportional to vg‘, 
and may be determined in termj of these velocities when the construe';, 
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tion and sizes of pipes are known, the .only unknowns are the three 
velocities f;,, r„ and the pressure pj. These equations may then be 
solved and the unknown factors determined.^ A similar method of solu¬ 
tion will apply to any case of multiple supply, with any number n of 
sources of supply. Here we shall have n + 2 equations formed, from 
which the (u -j- 1) velocities and the pressure at the junction may be 
determined. 


Akt. 78.— Flow along a' Byk-Pass. 


If Pi and p 2 lbs. per square foot are the pressures in the main pipe at 

the entrance to and exit from the 
d 


Fio. lift. 


Pi — n _ 4/ L 
W ‘2 g 1) ' 


bye-pass pipe or diversion (|’ig. 
116), we have, putting V and v for 
the velocities in the large and small 
pipes respectively, 

i/iJlJ. K — 

' ‘Igd 2 ,9 


T- 




where K represents the loss in the bye-pass at entrance and exit a»d 
at liny valves. 

From this we have, assuming / to have the same value in the two 
pipes, 

LP 
D 

•• f- 

.( If Q and q are the quantities flowing along the two pipes 
F.irD" • , 

4 

jy^ 

=- - ... = . / ^ -I + A I- 

2 


Q = - 


, / ID\^ IJrK'd 

Uj ' L 




The proportion of the whole flow which passes along the diversion 

2 la Ltt 
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Art. 79.— Plow throdqh! Pipes couplbh up in Parallel 
(Fig. 117). 

> 

Here pipes di, etc., of length li, etc, couple up two vessels whose 
pressures at the points of exit and inlet are }h and pi lbs. per square foot. 
We now have 


Pi — pi —A fh , 
IF 


. A‘fh I'i > A j-h i 


neglecting all losses except those due to friction. 

It Q— total flow through pipes in cubic feet per second, wo have 


Q : 


+ J.^ + rgfV + etc.} 



we get 


. w -I- 72 / ^ 

.•. Writing i <F= / — • -j 

\/ d 

And since = . this becomes 

IF ‘ip di 


+ + etc. 




P1-.P2 J_ 
IF ‘ 2/ 


Example. 

Determine the diameter of a pipe of length I, to give the same 
discharge as two parallel pipes of the same length and of diameter d. 
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Discharge from two small pipes = 

„ „ large pipe = I 

P’or same discharge 7)^ = 2 (P' 
1) = 2" d 


•' \/ 


Pi- 


Vi Jl_ 

' ''if 


pi — Pi fl \ P-1 
II' ■2/ 


j 


i-;;2 d. 


iJI 


Thus, assuming the resistance to vary' as if-, one pipe l.'i'fid inches 
diameter would give the same discharge as two 12-inch pipes. 

Assuming more correctly the results of the experiments quoted on 
p. 222, and taking 



we should have iii the above example, 7r-“ = 2 iP-'*' 

1) = 2'^^". d = (/. 

or one pipe 15'70 inches would now give the same discharge as the two 
12 - inch pipes. 

This duplication in parallel of supply pipes is very common in large 
water supply systems, and is also of use where, in the case of a fire main, 
the pressure at the nozzle is insufficient to give the required velocity of 
flow. By coupling a second line of hose between the supply main and 
the hydrant box, the fall in pressure at the nozzle is much reduced and 
consequently a higher jet is^btaiiied. 


^ Akt. 80.—Main of IlNiroini Dtajirtru in which the Dischakgb 

niMINISIIRS AS TIIR LeNCTII INCIIKASES. 


In water mains for domestic supply, the main pipe is tapped at 
intervals by service pipes, so that the volume carried gradually 
diminishes. Let the rate of diminution be uniform and equal tog' cubic, 
feet per second per foot run of the pipe. Let I be the total length; H 
the total loss of head in the pipe; Q the initial supply; V the initial 
velocity of flow. Then the volume passing Sny point P distant x fropa 
the entrance, will he Q—qx c. f. s. Let /(j, be the loss of head up to 
this point. 

Then since the loss of head in a length at P 


‘Igm 


_ f . 8x . IQ — q X ' 
2 q m 




feet 
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the loss hj,,, up to ^ 


fyt 


{Q — (j .(■•)“ dr. 


^ 2 ;i in (/ 

atid since, if is tlie flow at this point, Q = Q,. + qx, this can he 
written • * 

^ J'lniUf + 

At the discharge end of the pipe line — a; qx — Q-, x — 1. 

or the loss of head is one third that occurring in the same pipe line if 
the flow were uniform instead of gradually diminishing. 


Art. 81.— Distrirution of Water. 

The consumption of water tor domestic and trade purposes varies 
largely from town to town. Tn Great Britain the domestic supply ranges 
from about 18 to 25 gallons per head per day, while in the United States 
the consumption ranges from about 40 to 200 gallons per day. During 
the summer months the consumption per day may be as much as 40 per 
cent, greater than the average for the whole year. The hourly fluctuation 
in demand necessitates a maximum rate of supply about 33 per cent, 
greater than the average daily rate taken over 24 hours, so that the 
supply pipes should bo sufficiently large to give a temporary supply at 
least 85 per cent, greater than the yearly average. It is usual to allow 
for a maximum rate of flow equal to at least twice the mean rate to be 
anticipated when reasonable increases of population have been taken 
into account. ■* 

In order to render the fluctuating run-off from the catchment area, 
available for the fluctuating demand, a storage reservoir is necessary to 
catch and store the run-off when in excess of the temporary demand, arid 
when the average monthly run-off and probable demand is known with 
lair accuracy, the necessary volume of this may be calculated. Usually 
the reservoir is at some considerable distance from the town to be 
supplied, and to avoid laying down a long pipe line to supply water at 
the maximum hourly rate demanded, and to minimise to some extent 
the inconvenience caused by a possible break in this line, a smaller 
“ service ” reservoir, capable . of storing about three day’s supply is 
constructed as near to the town as is convenient, and, if feasible, at f. 
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height to periiiit the service mains to be siipiilied with water under a 
pressure of from 100 to 150 feet. Where this is not possible it becomes 
necessary to adopt some pumping system'and to pump water under 
pressure into the pipes as required. 

Where the difference of level between the supply and service reservoirs 
is great, the whole of the supply pipe line may bo put under considerable 
statical pressure if a valve'is fitted at its outlet, and the cost of a pipe 
line designed to withstand such a pressure may he excessive. With a 
view of reducing the maximum pressures, the regulating valve may be 
fitted at the pipe entrance, or one or more small reservoirs—luiown as 
break-pressure reservoirs—may be provided at suitable intervals in the 



line, as shown in Fig. 118. The Service level in each of these reservoirs 
. in the gradient line for the system, and the hydrostatic pressure in 
any length of the pipe cannot now exceed that duo to the next higher 
reservoir. * 

Iri order to reduce the risk of a total stoppage of the supply in cose of 
accident to the supply main, the latter may be laid in duplicate, two 
pipes of smaller diameter taking the place of the single larger pipe. 
Where the lines are long, there should be cross connections with valves, 
so that in case of a break in either line a shor^ section only need be cut 
out. This gives a greater discharge than would be possible with the lin& 
single throughout. 

For pipes up to about 24 inches in diameter the cost of the pipe itself, 
■the jointing, excavating, and laying, is roughly proportional to the pipe 
■"diameter, and the cost of a twin pipe with cross connections ami valves' 
is about 50 per cent, greater than that of a single pipe line. For lamrafi 
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pipes, up to 72 inches diameter, the cost increases more rapidly than the 
diameter, being roughly proportional to its l’5th power, and the cost 
of a twin line is about 30 ptfr cent, greater than that of a single line. 

Pipe Line Accessories.—Where the summit of a pipe line approaches the 
gradient line, and generally at the highest point of each vertical bend, an 
air valve should be provided to discharge any air which might tend to 
accumulate. This valve usually takes the ^orm of a ball float which 
falls as air accumulates and allows it to escape. Fig. 119a shows a 
small valve of this type, while Fig. 1196 shows the type of valve fitted 




Fig. 119.—Air Valves. 


6 


to the 42-inch supply pipe lines of the Loch Leven power works.* In 
the latter case the float, working between guides, carries the air-valve 
spindle at its upper end, the upper portion of the valve casing serving as 
an air vessel to reduce shocks in the pipe. 

Such valves also serve to admit air to the pipe line and to prevent the 
formation of a vacuum in case of a rapid eflux of water following a 
fracture at some lower point of the line. This is of importance in the 
case of large steel pipes*; which are usually too thin to withstand an 
external pressure of any magnitude without collapsing. 

To guard against the discharge of water backwards from the main in 
the case of a fracture occurring in an inverted syphon below the level of 
the discharge reservoir, or in any similar position, a reflux valve is 

> “ Proc. Inst. C.B.,".toL 187., 1911-12. nt. 1. n. 28. 
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asaally introduced at the inlet to a reeevvoir or near the outlet from such 
an inverted syphon. This consists of an enlargement in the pipe fitted 
with a diaphragm pierced with a series of Valve openings. These are 
furnished with flap valves opening in the direction of normal flow, and 
automatically close if the direction of the current is reversed. 

Where serious damage would follow fracture of a main it is usual to 
fit an automatic stop valve. * Such a'valve is placed, if possible, under 
comparatively light pressure, near a deep depression in the pipe line. In 

this type of valve a disc which is 
held by a lever, and projects into 
the water way, is thrown back 
when the velocity ot flow exceeds 
a predetermined limit. This 
releases a trigger and an attached 
weight which closes the valve. 
'Ihe speed of closure may be 
regulated by means of a dashpot. 
Such an arrangement is shown 
diagrammatically in Fig. 120. In 
other valves of the same class the 
main valve is of the sluice type 
with parallel faces and is opened 
or closed by means of a loaded 
piston in a hydraulic cylinder 
surmounting the valve. Water 
under pressure is admitted to 
the under or upper side of this 
piston by a four way valve, 
,actuated either by the release of 
a trigger as in the former type, 
or by the motion of a loaded 
piston in an auxiliary cylinder which is coupled to tlie main. 

Where different parts of a town are at widely dilferent elevations, the 
head necessary to supply the more elevated sections may lead to an 
sxcessive pressure in the more low lying portions of the, supply systen), 
ind in such a case it is usual to divide the area into zones at respectively 
lower levels, each zone carrying an independent distribution system fed 
from the main. The lower zones are then supplied through a series of 
rednping valves, each set to maintain the required maximum pressure in 
its respective zone. In case of fire it is advisable that the full, head % 
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available, and for this purpose the type of reducin}! valve shown 
diagrauimatically in Fig. 121 has been devised.* This consists essentially 
of a double-beat e(iuiRbrium valve 
whose opening is normally regulated by 
the pressure on its discharge side. In 
case of an abnormal draught on the 
main, such ns might occur in dase of 
fire, the pressure falls sufficiently low 
for the weight IF to open the auxiliary 
valve F, and the under side of the 
plunger P is put into free communica¬ 
tion with the atmosphere. This causes 
the weight, and the valve, to fall to 
its lowest limit, giving an uninterrupted 
flow past the main valve. 

Two methods of lay-out are common 
in the demand area of supply systems. 

In the first of these a large main is 
laid through the centre of the district 
with branch pipes extending from it 
to form a gridiron covering all parts 
of the district, the outer ends of these 
branches being connected by a small 
main so as to eliminate dead ends. 

In the second system, commonly 
termed the “ring” system, a large 
main is laid to enclose the district, and from tliis main branch pipes are 
taken to form a grid covering the whole area. 

If both systems are designed to give the same discharge at the same 
pressure at all points of the district, the former system usually coats 
considerably less than the latter, and is to be preferred. 



Fig. 121. “Kotlucin;; Vftlve. 


Abt. 82.— Syphons. 

i» Where a pipe line is to be laid to connect two reservoirs at different 
levels, over ground which is higher than either water level, Ihe cost of 
excavation is often so great as to preclude the use of a pipe line which 


^ By Mr. G F. UeacoQ. This device is used on the distribution system o{ the Liverpool 
Water WorU. 


H.A. 
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shall fall below the hydraulic gradient, and in such cases a syphon 
(Pig. 122) is comniouly used. 

In its simplest form this consists of an inverted U-tube (Fig. 123), 
both legs being full of water, and the flow is generally calculated by 
equating the total head producing flow, i.e., the head due to the un¬ 
balanced column of water or the difference of heads in the two 

reservoirs, to the sum of the frictioiiarand other losses in the pipe and 
of the velocity head produced. 


Thus '/lA — Z,: = loss at (mtrance and exit + 


^ f being the total 
2gm 


length of the syphon A' B O'. 



This may be seen by considering the flow along each leg of the syphon 
separately. 

Along .1'71, we have 


P A’ I y — J!« J. J—4- -j- loss at entrance, 

■ IF ^ " II' 2<; ^ -Zgm 

-VZ^^.-Zu- - ll + + ^1- 

IV ' II ■in I '« > 


Along B C wo have 


V 1 r" 1 - 7 4. 1 P'-' 1 flElL 

+ 27 + W - + '2 <r+ TF + <ig m ' 

. 7 _ 7 4- Pb — Po' 4. 

../s-v4c'+ 

P'rom (1) and (2) we get on adding 


Zv - + 2-9 I ^ ) 


(1) 


(2) 
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= losH at exit + frietioii loss + loss at entrance. 

The assumption that both legs of the syphon 
run full is one which is not always jnstilied in 
practice. Evidently the height B A must he 
less than the barometric height by an amount — 

-ll'++ b\ or we should have an 
2 // [ m I „ 

absolute vacuum formed at points below Bi | 

and the flow would cease. Theoretically, the 

limit of possible flow up the inlet leg i.s 

reached when the pressure at the summit B 

is absolute zero (—34 feet of water),* and is 

then given by the equation ^ 

34 + ^ - (X, - Z^.} = ^ 


? /r/. 


Tl 


Or writing K = '5 and tor Z^, + we get 

the Buftix (1) referring to the inlec leg. 

If the actual flow is loss than this, pti is gi'oater than zero, and we get 
an additional head aiding the flow down the outlet leg. 

The velocity of flow down the outlet leg with maximum flow up the 
inlet is given by the equation 

2 y m 

the suflSx (2) referring to this leg. 

If the syphon is to run full, we must have not greater than V\ 

U, yf {z.-z,-u\ > (84 - (Z. - Z.)( 

^ Actually less than this, becatise of UberatioD of air at low pressures. 

X 2 



276 


HYDEAULICS/ AND ITS, APPLICATIONS 


or _ 

34 — {Zi, — Za) ' I'fj 'H -j-J li 

If the syplion be long, bo tliat 1‘5 m may bfe neglected in comparison 
withyJi we have 

84 — {Zn — Z,i) li 


or 


~ ' k + k 

84 - (Zj! - k 


-f^ 34 — {Zj: — Za) 
(Za-Zo) 


Example. 


If 


Za-Zc= 50 ft. 

I = 1,000 ft. 
Zi, -Za= 10 ft. 




U00^X^4 

50 


= 480 ft 


or the outlet leg will not run full if the inlet leg k more than 480 feet 
in length. i 

With a longer inlet and shorter outlet the flow up the inlet will not be 
able to keep pace with that down the outlet, and this will then run only 
partly full. Also the velocity up the inlet will not now be so great as 
with a shorter inlet, so that the discharge will be less. Evidently, then, 
the position of the apex o<^the syphon has a great influence on the 
discharge. 

With a shorter inlet and a longer outlet, the total length being the 
^ame, the discharge will be unaltered, but the syphon will have the 
advantage of working under a greater absolute pressure at the apex, and 
is therefore less likely to be affected by'air leakage at the joints. 

In practice it is necessary to place an air chamber at the highest point 
of the syphon, into which air gradually accumulates during its working. 
This air is then removed at frequent intervals, either by some form of 
air pump, or by means of a steam ejector. 

Where the syphon discharges into the atmosphere, any failure of the 
outlet leg to run full, by admitting air to the apex at once breaks ifya i 
vacuum and stops the flow. y 

Figure 124 shows the hydraulic gradient for a syphon, the straight line,! 
' 4 C being the gradient line. In drawing this the only losses taken into ' 
fteeount have been those due to friction. If a second line A' C Ije drawn 1 
jiarallel to and at a vertical distance frsm 4 C equal to the barom^Mq ' 
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height, the distance of the syphon below A' C will give the absolute 
pressure at any point. In the sketch, syphons yl Bt C, A Ba C, and 
A BaC are shown connecting A and C, all rising to the same height h, 
above the surface at A. Here, although Ba is not nearly 34 feet above 
A, an absolute vacuum would be attained before reaching Ba and the 
syphon will consequently network. A comparison of Q and 0 shows 
that there is a greater pressure dn the ai? vessel at 7?i tlian at Ba, and 
the syphon 0 will thus run longer without removal of air from this 


A ’ 



chamber than will 0. Leakage at joints is not likely to have so serious 
an effect as with 0. 

Any accumulation or air at the highest part of the pipe Las the effect 
of increasing the pressure, and hence of lowering the line A' B'. Directly 
this line is lowered sufficiently to cut the pipe line the syphon ceases to 
flow. The air vessel should always be placed at the point of least 
pressure, i.e., at the point nearest to the hydraulic gradient line A' C, 

If A' A" = C C" = the line A” C" will give the hydraulic gradient 

taking into account change of potential into kinetic energy at the 
entrance to the pipe. The effect of this is to reduce the value of the 
ratio A B : B C, for both branches of the syphon to run full with 
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maximum discharge, while the true pressure in the pipe is now measured 
by the vertical distance between A" C" and the pipe line. 

Where a regulating valve is to be used on a fyphon, this should always 
Lo placed on the outlet leg. 

Aut. 83.— iNVRR'riiD Syimion. 

Where the pipes ronneeting two reservoirs cross a deep valley it is 
usual to use an inverted syphon (Fig. 125). The main pipe line is led 
into a storage tank at A, and out of a second tank at C, the connection 
between .1 and C being made by means of the inverted syphon. This 
has the advantage of reducing the maximum pressure which may be 



brought to hear on the pipe line by the sudden closing of a valve, since 
the pressure at A cannot now exceed that of the atmos])here. 

Here, as in the case of the ordinary syphon, the velocity of flow is 
given by ^ 

or if Za — Zc — II 


With an inverted syphon, an automatic valve should always he placed 
at the entrance, so that if, due to the bursting of a pipe, the velocity 
of flow attains more than its normal value, water may be automatically 
cut off from the pipe line. 

AnT.-84.— Flow Timonoii Nozzle at end of Pipe Line, 

Where a supply of water moving with a high velocity is required, as 
for fire extinguishing, or for the jots of an impulse turbine or -Felton 
•wheel, a converging nozzle is fitted to the delivery end of the, supply 
pipe. ■ (See also Art. 123.) 


2 <1 




VI 


•2 (I II 
mo 
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The issuing jet now possesses high velocity and its store of energy is 
almost entirely in the kinetic form. 

Theoretically, if pointed vertically upwards, and if no energy losses 
were experienced, the height of the jot would be tlie same as that of the 
free surface of the supply reservoir, or that corresponding to the pressure 
head inside the nozzle. The various frictional resistances, however, 
reduce the nozzle pressure and the issuing velocity, after which the .4 
resistance of the air and that (fue to the impact of falling particles of 
water tend to retard the upward motion of the rising particles, so that^ 
the height to which the jet rises is considerably less than that given by 
,.2 


h = 2 ® being the velocity of efflux. 

The following results are deduced from experiments carried out by 
J. T. with ordinary converging fire nozzles and with a stream 

slightly inclined to the vertical, so that the effect of the falling particles 
would not be so great as with a vertical stream. 


Nozzle 

diamolor. 

Pressure nt Noz/le. 

Mea.siired VnlociLy 
ol'Etlluv. 

Vclooity tlicotatdoally 
oori'esjiuiHliiiK to 
Truiiectory. 

Pftrcentajte, 
Actual, df- 
tbeorodcal 
height. 

1 inch 1 

4()’5 ll)s. per kj. inch 

S3'l ft. per see. 

(57*() ft. per sec. 

81-0 % 

1 „ ) 

llio-o 

12'-1 .. „ 

SO'O „ ,, 

OlfO % 

U ) 

^ ^ ^ M >» »* 

„ 

0/0 11 

84-0 % 

U 1 

lUliO „ 

1'->U-S „ „ 

80 0 „ 

% 

11 „ 1 

-is-o „ 

S(|-» „ 

0"‘0 ,, ,, 

84'0 % 

U .. 1 


1200 „ 

SO-0 „ „ 

BO-0 % 



79« „ „ 

07’() ,, ,, 

80 0 

18 „ ) 

NS-O „ 

IKi!) „ „ 

800 „ 

66-(i % 


Forms of Nozzle.—These are usually of circular section and may either 
converge uniformly to a short parallel neck at the orifice (Eig. 126a), or 



Fi(i. icn. 


have a convergence which becomes more gradual as the outlet is 
approached (Fig. 126/»). 

^ Emjmeenng iVf'fiw, iTuly 11, IS1)2. 
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In either case, the coefficient of contraction is unity, and the coefficient 
of disciiargc about 'OS. 

The following values of the latter coefficienij are deduced from experi¬ 
ments by Freeman} on smooth conical nozzles. 


Diameter of nozzle 

U 

f in. 

r 

s* 

lin. 

^ ill- 

•Value ot C . 

•!)83 

•982 

•972 

•976 


A form known as the ring nozzle is need to a less extent, and consists 
of a converging nozzle having a circular orifice, which is fitted with a 
short annular ring of square section (Fig. 126o). This, with a ring 
J-inch square, gives a stream having a vem eontracta of area about ‘764 
times that of the orifice. The value of C, is about 'I)?, the coefficient of 
discharge being about '74. Since the efficiency of a nozzle depends 
entirely on the value of its coefficient of velocity C„ the ring nozzle would 
appear to have no advantage over the ordinary smooth nozzle, and' in 
practice, with the same pressure head and size of nozzle, throws a jet to' 
a slightly less height. It has been proposed to use a small re-entrant 
mouthpiece, so as to fqrm a Borda orifice in connection with this nozzle 



Fig. 127. * 


(Fig. 1276), and to use this as a standard nozzle to experimentally 
determine the horse-power of a pumping engine, by measuring the 
pressure inside a nozzle or series of nozzles supplied by the engine. The 
coefficient of discharge of such a nozzle as shown hi Fig. 1276 is given by 
IVeeman as -.582. Since, however, the ordinary type of no2zle shown ip 
"Tfig. 126 a and 6 may be relied upon to give discharges which are identical ■ 
lirithin the limits of practical measurement under given pressure epn-^ 


» Appendix, Table D. 
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ditions, certainly within 1 per cent., these nozzles are very satisfactory 
for such a purpose, this accuracy being quite as high as that attending 
the use of a standard weir fer measuring purposes. 

The form of nozzle used in connection with the Pelton wheel is dis¬ 
cussed in Arts. 125 and 120. 

Velocity of Flow through a Nozzle. 

Let A, L, and refer to the supply pipe,' and a and to the nozzle 
Then--'=^. 

If H = supply head in feet we have 

^ 2;, ^ 2 ;/ m ^ ^ rj 

where K and I: represent the coefficients of loss at the entrance to the 
pipe and at the nozzle. 

. Putting = v„. ^ we get 

/ 2,0// 
f„ = V - 


// = 


A m 


1 + k + + 

A m A‘ 


( 1 ) 


Since k = '06 (approximately), while K ^ is in general small, neglect' 
ing these terms we get 

Va = \/ =s/ 


in H 


1 + 


1 + 




( 2 ) 


mA^ ' ' 

If p = pressure in pounds per square inch at the entrance to the 
h V ^ • 

nozzle and if = loss m nozzle 

J) X 144 I I r. 


2'8,=l>;ii+i 


ylM 


I 4’6 p g _ 

fa-\/ j 


( 8 ) 


This formula may bo used to determine k, and hence the coefficient of 
velocity V Ijy measurement of p and of the quantity discharged 
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With a ring nozzle tht preceding formula becomes 
4'() j) 


\l 1 + /- 


( 4 ) 


where is now the area of the vena amtracla of the issuing stream. 

In any case, when k and the coefficient of contraction for any given 
nozzle are known, the value of i\ can be directly determired in terms of 
p. Then since the energy discharged at the nozzle per second 
IF on-' 

= *11'. b. ft. lbs., 

we have the horse-power delivered at the nozzle given by 
11' r/ (i2-4 0 , )•„" 


H.P. = 


2 <1 X 550 
( . 

= 3-17 a. 


1 + 


1,100 (j 

V 


'00170 a. 


k - 


A" 


(5) 


Ex.\Mpr.F,. 

With a uniformly converging nozzle, inch diameter, taking k = ;03, 

and assuming a supply pipe of 3 inches diameter, we have a, = a = area 

,^2 ] 

of 1| inch pipe = '01227 square feet,, while ^ ~ Thus if the 
pressure at the nozzle is 80 lbs. per square inch, we have 

t 2 . 

H.P. at nozzle =^'17 X '01227 J ”” „ I" 

11'03 - '25 ) 

= '0389 I 102'7 |i 
= 40-5 II. P. 

If water is supplied at the pipe entrance under a constant pressure 
P lbs. per square foot, neglecting the difference in head between pipe 

/) 

entrance and nozzle, we have ijy — 

)r 

/ 2 0 11 

^« = V-^-^4;]li4jft.persec. 

Without the nozzle we should have a = A,v^ = Vj,- 


and vj = V 4 / / 

1 -f j, 

so that the velocity With, is greater than without tlic nozzle. 

I 
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The discharge per second without the nozzle is given by 

Dj X .1 = I ^ 

iV 


1 + 
s 


and the kinetic energy hy . Ax 62‘4 ft. lbs. 


2y JI _ 


1 + 


62-4 
• 2"y 


A ft. lbs. 


n 


With the nozzle, the quantity per secniid is 

‘2 '/ // 

4 fl^ X « 
Ifi 


X 


a = n/ 


1 + 


0 with nozzle 
Q without nozzle 


(7)' '+ ifT¥) 

jy 

U>'+ ij'l) 


I 

1(1 I 




IA 
Id" 


_ /<l‘{D + 4fl)- /D.I^+'Afij* 

V {I/' + 4flcP) V ifi+ i fid* 

or the quantity passing the pipe is always less with, than without the 
nozzle. 

Since the kinetic energy varies as the product of two factors (the 
quantity and the (velocity)^), one of which increases, while the other 
diminishes as the nozzle area is increased, a maximum amount of kinetic 
energy will be delivered at the nozzle uith some definite ratio of pipe 
and nozzle areas. 

To obtain this ratio we have 

V 

K.E. with nozzle = — x 62'4 a‘ft. lbs. per sec. 


= !■ 


2 fi H 


+ 


4/7 <74 


Lfi 


62-4 IT <7« 
2,</'x 4 


= 895 d* 


1 + 


JI 

Af id*\ ft. lbs. per sec. 

) 


H 


= 395 J)® 

A 




ft. lbs. per sec. 


( 6 ) 


( 7 ) 


A*, 
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Differentiating this with respect to j’ equating the ivsnlt to zero 

we have the condition that the K. E. should«l)e a maximum. This gives’ 
(d]*_ 1) 

[}>) Hfl 
0 _ I n 

® • i tV gfi 

the dimensions being taken in feet. 

If for example the pipe supplying the nozzle of a relton wheel be 1 foot 
in diameter and 500 feet long, the maximum K. E. is diilivered when 

1 


8 X 5U0 f 


and if/ = '01 this becomes 

1= 

a 

By substituting this value of -j or of in equation (7) almvii, the value 

of this K. E. is given. 

Thus (K. E.)mai. 

11 


= 395 X -158 


‘ '4 X -01 X 500 X (T58) 

1 + - j 


1^ 

|2 ' ft. lbs. iier see. 


H 


- tT50 I 
# :• 

= 34 ir^ ft. lbs. per second. 

If the Felton wheel have an efficiency of 80 per cent, the work done by . 
the wheel per second will be given by 

•8 X 34 lbs. 

27-2 a ' 

= horee-power 

’0495 IP horse j)ower. 

'g(KtT) / I// ffl s a 

i ’ + TT-hO " ^ 2 V ' + IT -i- 

Equating this to aero we have 


KJl ji‘ ^ 1 + I/* 
// ' A'‘ l> 

^ h 
.4“ s y /• 


Witli a circular nozzle this makes d - i\J g y 


/ s/t 
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Thus with a head of 100 feet the wheel would develop 49'6 horse¬ 
power. 

As the nuzzle area is inct^ased, starting from zero, the power developed 
thus increases to a maximum of 49‘6 H.P. with a nozzle opening 
a = ISS A, and then again diminishes. 

If in the above problem / be taken = -005, we get the maximum K. E. 

ivhen ^ = ‘224. The value of this K. E. = 48'1 11^ foot lbs. per second, 

so that with the same head and wheel efficiency the maximum power 
developed would be 70'0 H.P. 

In a fire nozzle, the problem is to obtain a stream moving with as high 
a velocity as possible, and this is evidently to be obtained by making the 

expression ^ 2 denominator of the fraction 

expressing the velocity, as small as possible. This is done by increasing, 

A 

•as far as practicable, the ratio -• 

a 


In the case of the supply to a Pelton wheel, a stream carrying the 
maximum possible amount of kinetic energy is required, and as just 
demonstrated, this can only be obtained by having a correct ratio of pipe 
and nozzle area. With a smaller nozzle area the weight issuing per 
second is unduly restricted, while with a greater area the loss due to 
increased friction in the pipe, due to the greater velocity of flow, causes 
the velocity of (ifflux to bo reduced to such an extent as to more than 
counterbalance the increased weight passing the nozzle. 

This fact may be of importance in the regulation of a Pelton wheel, 
which regulates its supply of water by automatic opening or throttling at 
the nozzle (see Art. 125). 

So long as this nozzle area hp,s less than the critical value for the 
particular pipe, any further opening will admit more water and a greater 
Bupply of kinetic energy to the wheel. Above this point any further 
opening of the valve admits more water, but gives a smaller supply of 
kinetic energy to the wheel, which will consequently slow down. On the 
other hand, with a nozzle area greater than the critical value, throttling 
leads to an increased suppfy of energy being given to the wheel and to an 
increased speed. 

For successful governing the maximum nozzle area should not exceed 
that corresponding to the critical value, so that everywhere within the 


, . d (KE) 

range of openmg 


may be positive, and the supply of energy may 
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increase with the nozzle opening. The curves (Pig. 128) derived from 
equation (6) of this article, show the kinetic energy (expressed as horse¬ 
power) delivered from pipes of diameters I'O ?md 2’0 feet, 1,000 feet long, 

under a head of 200 feot, with different values of the ratio - • The value 

A 

of/has been taken at '005. In each case the maximum nozzle opening 
for successful governing is that corrospondiug to the point A'.* These 
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Vslues of ^ . ratio of noxtie Co pipe area. 

FI8. 128. 

ctirves are worth study as denoting the great increase in available energy 
with the larger pipes. ' ^ 

While the above investigation is interesting, it is not usual, in a well- 
designed pipe lino, to come across a case in which the nozzle area is 
greater than the maximum for successful governing since this would 
entail a velocity of flow in the main much greater in general than that 
(8 to 6 feet per second) adopted in practice. 

Examples. 

(I) Two reservoirs are connected by a pipe 600 yards long. For the 

■first 260 yards its diameter is 4 inches, increasing for the seeoild 250 

’ • ' ■ \ . 
i For a farther consideralion of this subject see an article by Profe^or John Goodman ih 

Ejigimei'lngt November 4,1904. 
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yards to 8 iiiclics. A re-entrant mouthpiece is fitted at the entrance, 
whiie discliarge takes place directly into Ihe side of the lower reservoir 
at a depth-of 6 feet below tBe surface. If the difference in the surface 
level in the reservoirs is 10 feet, determine the discharge in gallons per 
minute. / = ‘005. 

Answer. 121 gallons per minute. 

(2) A gate valve in a 12-inch cylfhdrical C’. I. pipe is lifted through g 
of its full opening. Determine the equivalent length of a straight pipe 
offering the same resistance. /= ‘005. 

Answer. Z = 276 feet. 

(3) Two reservoirs of 80,000 and 10,000 square feet area are connected 
by a 6-inch pipe, 500 feet long. Initially, the difference •of surface level 
is 16 feet. Determine how soon the level in the two reservoirs will be 
the same. Take/=’0076. 

Answer. About 69 hours. 

(4) Two reservoirs, surfaces 15 and 25 feet above a common datum 
feed through a 12-inch and an 18-inch pipe rcsirectively, into a common 
24-inch pipe at a height 5 feet above datum level, while this in turn 
feeds a reservoir whose surface level is taken as datum. If the lengths 
of the 12-iuch, 18-inch, and 24-inch pipes are respectively 1,000 feet, 1,600 
feet, and 2,000 feet, determine the velocity of flow in and the discharge 
through each pipe, neglecting all losses of head except those due to 
friction. Also determine the pressure at the junction of tho three pipes. 
Take/= -005. 

12 in. pipe, v = 4'62 f.s. Q — 3‘62 c.f.s. 

18 „ „ v = 7'22 f.s. Q = 12'76 c.f.s. 

Answer. , c = 5-21 f.s. y = 16-38 c.f.s. 

L Pressure at junction = 3-03 ft. of water. 

(5) Assuming Q a ^- j- (Z^'“ determine the discharge from a 12-inch 

pipe, if a similar 8-inch pipe of half the length gives a discharge of 
10,000 gallons per hour under the same head. 

Answer. 20,153 gallons per hour. 

(6) A pumping engine supplies water at a pressure of 75 lbs. per 
square inch through a short pipe 20 inches diameter to a hydrant box, 
from which it is discharged by four parallel nozzles 2 inches in diameter. 
Taking the coefficient of loss in the nozzles to be -03, determine tho 
water horse-power of the engine. 

Answer. 181 horse-power. 

(7) The difference of surface level in two reservoirs which are connected 
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by a syphon is 25 feet. The length of the syphon is 2,000 feet and its 
diameter is 12 inches. Assuming /= '065, and that the syphon r^jins 
full, determine the discharge. Also if tlirf vertex of the pipe line is 
16 feet above the surface level in the upper reservoir, determine the 
maximum length of inlet leg for the pipe to run full. Neglect all but 
friction losses. 

Answer. (/= -1'99 c.f.s. 

= 1,865 gallons per minute. 
Maximum length of inlet = 1,440 feet. 



CHAPTER X. 


Flow in an open channel—Formulae T)nrcy and Bazin—Prony—Eytelwein—Kutter— 
Manning—Fidler—Tlirupp—Willianis—"(Jritical velocity—Form of channel- Channel of 
constant mean velocity—Ccneral eciuation of flow—Non-uniform flow— Standing waves— 
Backwater function—Effect of dams—Bridge piers—Passage of boat through a narrow' 
canal—Flow round river bends—Distribution of velocity in an open channel—Erosion 
and Silting—Gauging of flow in sircains and channels—Current meters—Floats—Pitot 
tube—Hating Tables—Gauging of ice coveted streams. 

Art. 85.—Plow in an Open Channel. 

The term “ open channel ” includes all rivers, artificial canals, 
aqueducts, and conduits, and, in addition, sowers and pipes of whatever 
section which run partially full, and which consequently do not present 
a solid boundary to every side of the contained liquid. The force pro¬ 
ducing flow cannot now he provided by any external head, hut is solely 
due to the slope or gradient of the channel. 

If a circular pipe he laid almost horizontally and if the surface level 
of water flowing through the pipe be allowed to rise, the change from 
the state in which the flow is governed by the laws ap[)ertaining to an 
open channel, to that in which the ordinary laws of pipe flow hold, is 
not abrupt, and it is to be inferred that a general formula is deducible 
which by satisfactory adjustment of constants shall fit either type of flow. 

Still, the comparative simplicity of the conditions holding in the case 
of a circular pipe, the complications which must of necessity he introduced 
where water flows through a channel of uneven section, and the ease with 
which accurate observations are made in the one case and the difficulty with 
which even such a fundamental observation as the difference in level at 
points widely distant is accurately determined in the other, render it 
impossible that the laws governing the flow in open channels should be 
so definite and of such universal application as those already considered. 

Assuming the resistance, II. to flow, to be proportional to the wetted 
perimeter P of the channdf, this may be expressed as 

li=f'Sv\ 

where / is a coefficient depending on the condition of the surface and 
probably, from analogy to pipe flow, also on the velocity v, while n is a 
number probably varying from 1‘79 to 2‘00, depending on the surface 
and on the velocity v, and S=P X I, where I = length of channel. 

S-A. 
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U A = sectional area of channel beneath water line, and if we assume 
the resistance to be equally divided oi er the area we have, if j)= resist¬ 
ance per unit area of the stream 

P =/' • ^ 

Here — or m is the hydraulic mean dep'.b of the section. 

If the chatiiiel be of uniform slope, ~ , where = i = sin 0 (fl luiins the 

angle of inclination), then the weight of water in this length /, per unit 
area of the channel, being W I lbs., the resolved jiart of this weight in 

the direction of motion = WI = IP h lbs. 

.•. If the velocity is constant so that this force is entirely exiionded in 
overcoming friction and not in producing acceleration, we have 


~ m 

j I v” 

or h =f, — ' 

, 2 ff III. 

In an open channel n may be taken as being approximately equal to 2, 
so that the formula becomes 

‘igm 

This may be written in the form adopted by Chezii, riz., 

v = ^/ .-~m=:CV 


TO t 


( 1 ) 


( 2 ) 


where 


C-.f 


Many experiments have been devoted to determining the values of C 
or of / for channels having different physical characteristics, and the 
results of the more important of these are as follow, the numerical 
values of the coefficients obtained by the various observers being collected ■ 
and tabulated on pp. 293—297. 

Darcy and Bazin (1855—9). as the results cf experiments carried opt 
on the Bourgoyne Canal, gave C the value • 


\/ a- 


where a and b 


m 


(p. 293) vary only with the material and condition of the bed 
pt the channel. 
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These channels were of many different forms and dimensions; were 
lined with different materials, and had slopes varying from '001 to ’01. 

Pron;/, from experimenis by Chezy and Pubuat on earthen channels 
and on wooden channels of small seation put 
a r b r“ = m i 



Tlu! corresponding value of / = 2 ^ = /I + - 

f - = 22,472. A = -OOliOT. 

, I a 
where 

! y = 10,607. n = -00286. 

Ktitehrnn, from experiments on the Ehine channel, gave the same type 
of formula, his coefficients "being 

- = 41,211. A = -00719. 
a 

j = 8,976. B = -00156. 
b 

In both these cases the unit of length is 1 foot. With moderate 
velocities a r is small compared with b and may be neglected, when 
the formulae reduce to 

Prumj V — •/mi = 103 Vm i. f = -00607. 

Ejltdii eiii V = — — — = 95 Vmi, f = -00714. 

These coefficients, being independent of the condition of the surface, 
are obviously only applicable to channels having the same physical 
characteristics as those experimented upon. 

Badii (1897), as the result of a very largo number of experiments, on 
canals and conduits of all sections and dimensions, deduced for C the 
value 




157-6 . , , 

yy- m foot units. 
N 


N varying with the character of the surface. 

Values of N for different types of surface are given on p. 293. 

This gives a value of / = -000269 |l + 
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^'Tfhis form of equation is in common use in France, and has given good 
|f^ult8 with velocities not i ceediiig 4 feet per second. 

' Qavgiiilld and Knlter deduced the coeflicient* 

I' „ , -00281 , 1-8112 

41-6 -+• - j— -f -jv - . 

^ in feet units. 




he equation being identical with that used for i)ipe How. N depends on 
he character ol the surface, and has values given on j). 203. 

The complication of this formula is largely due to nii attemjit to make 
it coniform to the results of expeviraeiits made on the Mississippi. In 
certain of those, however, the results should have been corrected for the 
error introduced by the use of double floats, while in others the slope of 
the water surface was too slight to be measured with any degree of 
accuracy. 

More recent investigations render it extremely doubtful whether the 
value ol C does depend on i as this formula indicates, and the simpler 
formula of Bazin would appear to give results at least as accurate, except 
possibly in the case of very large channels. The formula is, however, o6 
very general application in Great Britain, India, Germany and the 
United States, and the inconveniences due to its complication ai-e removed 
by the use of hydraulic tables which have been prepared giving the vahu s 
of C for practically all values of i and of N. 

By altering the value of i ii^his formula from -001 to -01, the value of 
C is altered by less than 1 per cent. For streams of fairly rapid slope 
the value of i may then be taken as sensibly equal to -001, in which case 
thp value of C simplifles to 


44-4 + 


C = 


1 + 44-4 


1-811 

jN__ 

N 


Vm 


In very large rivers the flow is sensibly independent of the character of 
the bed, and for such a case Manning^ gives C the value 


C = 62 11 + 
C = 84 { 1 + 


Vm _ 'PA 

7 Vm 
Vm _ 

4 Vnt 


in feot units, 
in metre units. 


From the nature of the (jase it would appear hopeless to obtain any. 


' Init. Civil Engineer of Irelavl, Decenibei 4,18SS, 



strictly mathematical solution for flow in open channels ana nvera-w 
irregular section, and even to observe and record correctly the physical 
data required is almost ijapossible. An examination of the results given 
by an application of the various formulae shows that for abnormal sectione 
or velocities a difference of 60 per cent, is not uncommon. 


COEFFICIKNTS FOE FlOW IN Ol'BN CHANNELS. 

__ • _ 


Character of HurCace. 

Da 

a 

rey, 

h 

Ifazia. 

N. 

JCutter. 

If. 

Smooth cement or planed timber 

•000046 

•0000046 

•100 

•009-to-OK 

Unplanod timber, flumes, slightly 
tuborculated iron, ashlar and 
well-laid brickwork 

•000058 

•0000133 

•290 

•012 to -Olf 

Rubble masonry and brickwork 
in an inferior condition. Fine 
gravel well rammed 

•000073 

•000060 

•833 

•017 

Rubble in inferior condition. 
Canals with earth beds in very 
good condition 




•020 

Canals with earth beds in good 
condition .... 



1-540 

•0225 

Ditto in moderate condition 

•00008.6 

•00035 


•025 

Canals and rivers in rather bad 
order . 

• 



2-355 

•030 

Ditto in very bad order . 

•00012 

•00070 

3-170 

•035 


Here a channel is said to be in very good order when it is free frol 
boulders, hollows in its bed and banks, sharp bends, snags and weed 
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When badly choked with weeds the value of X in Kutter’s formula may 
become much greater than '035. The following values of N in the latter 
formula are taken from Jackson’s tables, and aco probably slightly more 


Mjcurato than those given above. 

N. 

Planed timber accurately jointed—glazed or enamelled surfaces . '009 

Smooth cement or plaster , . ,.-010 

Unplaned limber well jointed—new brickwork well laid . . '012 

Unglazed stonework iron—brick and ashlar .... '013 
Wooden troughs with battens inside, A inch apart . . . '015 

Rubble sot in cement.'OIT 


If any of these are in bad order the next higher value for N is to be 
iaken. 


For convenience in apidying the results of these.formulae the values of 

f I '(■'* - — 

'■ in the formula k = and of G in the formula v = C V m i have 

2 n m 

Men calculated and are tabulated opposite. 

The following table gives values of C in the formula v = C V m 


salculated from Bazin’s formula in which G = 



Hydraulic 
nieati Depth. 

m ft .. 


•5 

Y I'O 
1'5 
2'0 
2"6 
S'O 
4-0 
S'O 
60 
8-0 
100 
IS'O 
200 
25-0 
80'0 
“ 60-0 


Values of N. 


•lOii 

■2(10 ^ 

■8:i3 

i*r4 

2:t5 

137 

112 

‘72 

50 

85 

142 

122 

86 

62 

47 

145 

128 

94 

70 

54 

146 

131 

100 

76 

59 

147 

133 

104 

80 

64 

148 

1.35 

107 

81 

67 

149 

138 

111 

89 

72 

1.50 

140 

115 

93 

77 

151 

141 

118 

97 

80 

152 

148 

' 122 

102 

86 

152 

145 

125 

lOtf' 

90 

158 

147 

130 

113 

98 

154 

■ 148 

183 

117 

108 

155 

149 

135 

121 

107 

155 

149 

137 

123 

no 

156 

• 150 

144 

« 

129 

119 


:m7 


29 

38 

44 

49 

,53 

56 

61 

65 

69 

74 

79 

87 

92 

36 

1P6 

168 





Character of Surface. 




496 HYDRAULICS AND ITS APfLiCATIONS, 

Bational Formula. 

From analogy with pipe flow it would appear probable that a formula 
jf the type ‘ 

where, as in the case of a pipe, n is in' general less than 2, would most 
aearly represent tlio law of channel flow. 

ClaxtoH Fuller^ has determined the values of /, n, and x from many 
experimental results of Darcy, Bazin, Smith, Stearns, and other observers, 
and the following table is abridged from values given by him:— 


Form of Section. 

Material of Surface. 

11 

X 

f 

Circular 

Smooth neat cement 

UTfi 

1-1G7 

•0000676 

Rectangular. 

it it it * *1 




Circular 

Cement and sand . . . 1 

it 

it 

•0000787 


Smooth brick. . . .) 




Rectangular. 

Smooth ashlar 

it 

it 

•0000904' 

Circular 

Bare metal pipes with rivetted | 
joints. . . . ■. 1 

1-77 

i-is 

•0000871 


Rough brickwork . 

1-80 

1-20 

•0000977 

Rectangular. 

Unplaned timber . 

it 

it 

•0000944 


Rough Brickwork or ashlar . 

„ 

ft 

•0001122 

Circular 

Lined with fir^ gravel, . 

1-90 

1-3!! 

•0001202 

Reotangulai'. 

if it it it • • 

l-9fi 

1-40 

•0001,''.21 


„ „ coarse gravel 

2-10 

1-.50 

•0001862 


Rubble masonry . 

’’ 

a 

•0002240 


While further investigation may slightly alter these values, it is 
extremely probable that the final solution of the problem of flow in 
regular channels will be found in this type of formula. 

The pii® flow formula of TImqtp 

h - ^"J: 

where m is the hydraulic mean depth is also applicable to channel flow,' 
the following being the values of the quantities C", n, and x. When m 

is small, x + a ^ — 1 should be substituted for x. 

m 

^ \ 

■ * Fidler, “ Calculations in Hydraulic Knfjineenn^,” Part II. (Longmans & Co.),,1902. 
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Surface. 

7t. 

Cm. 

(C. 

a. 

&. 

• 

XT X . ftcmi-circular section . 

Neat cement 

1-74 

•0000080 

IKW 



LO.'S 

•0000104 

1-100 



Brickwork, well laul .... 

2-00 

•0(H)0000 

1-220 



Uo[)laned plank. 

2*00 

•0000714 

1-230 



Brickwork, roufjh. 

2-00 

•0000780 

i- 2 r.o 

•0070 

■EO 

Lined willi fine gravel .... 

2M)0 


J-320 

•0215 

•60 

Clnaelled masonry. 

2'IK) 

•0001240 

1-320 

•0788 

•60 

Jiinefl with coarse gravel .... 

2-00 

•ooo 2 oori 

1-410 

•1505 

V(K) 

Earth in fair condition .... 

2-1)0 

-0002300 

1-44(1 

•ir.is 

1‘00 

Hough eai’th. 

2-00 

•0002000 

1-500 




The results obtained by this formula compare very well with those of 
Fidler, the latter probably on the whole giving the better results. 

Prof. G. S. Williamri, adopting this exponential formula, gives n and x 
constant values respectively equal to 1'9 and 1’25. The formula then 


becomes h = 


K r” I 


or V = C X i ”, where K and C have ihe 


following values:— 


Very smooth channels. 

a 

180 to 190 

JST. 

•00030 to -00086 

Unplaned plank .... 

145 , 

165 

•00045 „ -00050 

Sewer crock. 

140 ; 

160 

•00050 „ -00075 

Brick sewers .... 

lao „ 160 

•00050 „ -00080 

Earth channels .... 

60 „ 80 

•0010 „ -0020 

Rough natural channels 

40 „ 50 

•0020 „ -0050 


Art. 86.—Critical Velocity in an Oten Channel. 

So far it has been assumed that in channel flow the resistance to 
motion is proportioned to some power of the mean velocity a}>proximating 
to the second, but while this is undoubtedly true in all natural streams 
having a fairly rapid slope it is in all probability not the case where 
velocities are very low. 

It might, in fact, be inferred from analogy with pipe flow that below 
home “ critical ” velocity'the resistance will be proportional to the first 
power of the velocity. The clear glassy non-distortive reflecting surface 
observed in any long straight reach of a deep and sluggish stream tends 
to strengthen this inference, while the behaviour of small particles of 
suspended matter appears to show almost conclusively that at low speeds 
motion takes place in str 
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Experimonts by Mr. E. C. Tlmqip * on Ihe TliamoB and the Rennet 
the former having a mean depth of 7'() feet and the latter of 2'4 feet, 
showed that velocities of CCC feet per second in the former, and '(Id feet 
per second in the latter case, were below the critical, and that for all 
smalle' values the velocity was practically proportional to the surface 
slope. The experiments did not, however, indicate tlio i)oint at which 
the velocity-slope law changed. t 
Although, owing to the dilliciilty of moasuriug such small differenc.es of 
liead as are involved in flow at low velocities, iiecurate determinations are 
not practicable, yet the values (pioted above show that this critical velocity 
is immensely high comiiared with that calculated from Iteynold's formula 
(p. sS) for a cylindrical pipe of the same hydraulic mean depth. The 
existence of a cidtical velocity would at once ex])lain the great discroi)ancy 
which in some cases exists between the results of experiments on channels 
• having similar physical characteristics, but with very different velocities 
of flow. 


Art. 87.— Form of Ch.vnnel. 


Since for a channel of given sectional area ,1, the hydraulic mean 
depth A 1’ varies with the form of its section, while the resistance to 
How increases as A ■— 1‘ diminishes, it becomes important to dritermine 
what form of channel will give the maximum value of ,1 -r P for a 
given value of A, since this will be the channel of maximum discharge 
for a given slope. Further,^ this sectional area is a minimum, the 
cost of excavation is a minimum, and since in general the perimeter 
increases with the sectional area, .the cost of iiitching the faces of the 
channel is also a minimum. Theoretically, the best form of channel is 
dlie in which the bed is a circular arc, since this gives a minimum ratio 
, of wetted perimeter to sectional area. 

An investigation into the properties of different sections will be simpli¬ 
fied if the coefficient C in the formula r = (J \/ . i, be assumed 


constant for a given surface. On this assumption we have:— 

Q = A V = C ^ .i cub ft. per sec. 

For D to be a maximum, p must be a maximum, so that d —,0 


P d A - i d U = 0. 


( 1 ), 


> “ Pioc. lust. C.B.,” vol. 171, 1907-8, p. 346. 
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Agiiin, for 0 to lie a maximum, is to be a maximum, so that 

a ]> d A — /!» d P = 0. (2) 

Where A i^ fixed, d A =0 and both conditions are satisfied if d J' = 0. 


Example. 

(1) Rectangular Channel Breadth 2b — depth d. 

Here /I = 2 /» d : i' = 2 b + 2 d = + 2 d 

■ ■ d (d) ~ d“ + 
d P 

Puttinp; A~%hd and equating to zero, we have h = d. 

Putting the full breadth = ii, we liave d = i.c., for luaxiinuin flow 

2t 

the depth must e(iual one-half the breadth. 


We then have 


Q = C \ 




= G^J' 

^ 2b + 2d 
= C /^/ 2 • hi 




(1) 


(2) Trapezoidal Channel.—Fig. 129. 

Let b = half bottom breadth; d := depth ; s = cotangent of angle of 
slope of hides. 

Then ^1 = 2 b d. -4- s d*. 

d' = 2 (b + d V 1 + »“)• 

For Q to ho a maximum with a given area of channel or for the cost 

. • . dp 

of construction to be a Tniniiiiuin, it is necessary that -tt-r = 0. 

d {d) 

P = 2 ] -f d VT+'x’ ) 

T(d) = ^ 1 “ 2 d\~ -2 + ^ I 


But 
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For maximum value 
of Q 


111 2 2 h (f + s , s 

\/^ + *= -27^--+ 2 




\ -v J 

I.L. _ — 


(1 + s') <«' = (h + ^ df (2) 

But from the figure it will he seoii that if a circle having its centre in 
“ the surface of the water can be 

W drawn to touch the sides and 

bdtlom, we have 

mn = b s (1; mp = 7)1 q 
= s d; H p = d, 
and since {m vf = (hi- qif + 
(h pf, the above equation is 
satisfied. These proportions 
I then give the best results, 

h— B=2b —>1 The value of s depends largo- 

ly on the material in which the 
channel is excavated. The following may be taken as the muiimum 
permissible values. , 

Earthen canal with faced sides s = I’O. 

„ „ „ natural „ s = I'fi.- 

„ „ in light soil s = 2'0. 

The latter value is usually adopted for all unfuced earthern sides. 
Substituting this value o^ in equation (2) we have 
5 d' = (l> + 2d)' 

.-. d = 4'24b (3) 

.'. For maximum discharge d = 2T2 B, where B is the bottom breadth. 


- - 
Jj'Ki. 129, 


We then have 




2 (b + V 1 + **) 

Substituting for d from (2) wo have 

Q = c -. Vi~ 

VTcVi + ? 

and giving s the value 2 

5 

Q = 204 C b' cub. ft. per see. 

■ if C and b are taken in foot unite 


Q = 361 C D'. 
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Whatever the slope of the sides, the trapezium of best shape will Im 
that in which the sides are made tangent to the circle of radius = d 
having its centre in the siwface, and as may bo readily shown, all such 

channels have the same hydraulic mean depth =f.. It follows then 

that the velocity of flow when the channel is full will be independent of 
(he slope of the sides, and will depend solely* on the gradient of the bed. 
Tlie discharge of any two tra])HZoidal channels of the best form and of 
the same gradient and depths, will, when running full, be proportional 
to their rospoctivo mean widths. 

The following table indicates how the top and bottom widths for a 
section of this type, vary with the slope of the sides:— 


Slnpe. 

An,i;le of iticluialiuti of 

titles. 1 

Width. 

Top. 

Bottom. 

0 to 1 

90'’ 

2-000 d 

2-000 d 

•2r) to 1 

75" . 58' 

2-0(12 d 

1-562 d 

•5 to 1 

(•.3" , ‘25' 

2-236 d 

1-236 d 

■ir> to 1 

53° . 8' 

2-500 d 

1-000 d 

1-0 to 1 

45° . 0' 

■ 2-828 d 

-828 d 

l-.'j to 1 

33° . 41' 

8-606 d 

-606 d 

2-0 to 1 

2(1° . 31' 

4-472 d 

-472 d 

2-.'i to 1 

21" . 48' 

5-885 d 

•885 d 

8-0 tol 

18° . 2(1' 

6-325 d 

•325 d 


Circular Section.—Fig. 130. 

Tift d = diameter of circle. 

„ ff = angle at centre subtended by wetted perimeter. 
Then A = (0 - sin d); Z> = -f- d 

O it 

A = Suppose d fixed. 

»4 \ 0 ! 



0 = tan d 
..•.d = 267^. 


For maximum velocity 
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For maximum discharge 


• 8 P — A ^ ^ — 0 

.•. 3 0 (1 — cos 0) — 0 — sill 0 
ae-3d(ys0 + siii;)=0. 

The value of 0 ■which satisfies this equation is 308 ”, so lliat a circular 
conduit will give its maximum discharge when the deiilli of wiiler is 
about '^15 of the diameter, the discliargc then lioing aliout 5 inr cent, 
greater tiian ■when completely full. 

The discharge corresponding lo any depth of water is given by 

Q = i 

_ P .! S’ (0 — sin d)“ 

V ,)Kft 


d- V 


/( d — s iiii/)^ 


when 0 = 180” = vr 

C 

Q— -.j 0 Vi. cub. ft. per sec. 

The semi-circular seciion when running full has a hydraulic mean 



Fie. lao. 


depth of 'L and since this is greater than that 
4 

of any other form of channel of the same area, 
this section is well fitted for an opon channel. 

Where a polygonal channel is used, the 
hydraulic mean depth is greatest when the sides 
and bottom of the channel are designed so as to 
he tangent to*a circle having its centre in the 
water line, '•’he trapezoidal section and rect¬ 
angular section of greatest flow, are particular 


cases of ibis. Where vertical sides are to bo used the most suitable 


form of bottom consists of a circular arc, concave upwards. 


Channel of Constant Mean Velocity.—Wher» the depth of water in “a 
channel may vary within wide limits, it is in general desirable to design 
this BO that the velocity of flow may be as nearly as possible independe'nt 
of the depth. Otherwise, in an open canal, the velocity may become so 
great as to damage the sides and bottom by scouring (Art. 97), while in 
& sewer, with low beads, the velocity may become insufficient to produce 




the necessary flushing. On the assumption that r=zC\/m\ where C •■= 
constant, the only essential condition to be satisfied for to. be inde¬ 
pendent of the depth is iiat the hydraulic mean depth shall also 'be 
independent of the depth of water. 

Thus the required channel must have sides formed by a continuous 
curve such that the area hounded by the sides, and any two horizontals 
varies as the length of the arcs •intercepted between these horizontals. 
No curve can be found to satisfy these conditions, though close 
approximations may be obtained. 

Obviously, a rectangular .section of groat depth compared with its 
width would satisfy tlie conditions approximately, and especially if its 



bottom w'ore constructed so as to offer less resistance per unit area than 
its aides. 

A constiaicticm which gives accurate results between certain limits 
"may, however, he obtained as follows. 

Ill Fig. 131 let .r bo the halt lireadtli of the section at a height 1 / above 
M’ M where the half breadth is h, and let s be the length of the arc M N 

The position of the axis M’ M and the breadth b are usually fixed 
from a consideration of the minimum discharge to be expected through 
the channel, a trapezoidtil channel having an upper breadth M' M (= 2 b) 
being designed to take lliis minimimi discharge when running full. 
Let m be the hydraulic mean depth of this small channel, let p be its 
half perimeter, and a its half area. It is required to continue the sides 
of this channel so as to give a section for which the hydraulic mean 
depth A-i-P shall be equal to m for all depths of water. 
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Considering the section of the complete channel to one side of the 
axis 0 O', we have 

A a-\- IX dy f ^ 

,, = _ J _= consfeint = m 

1‘ p + s 

a f X d y = m (j) -f s). 
d s 

Differentiating, this gives V; = iii 


But 


d K 
dy ' 


(I y 


d y 
m 


d X 


Integrating this we have 


Vo:* — m* 


X 


But x = b when y = 0 


y = m cosh" * —f- D 
■■ rti logj. { a; + V *“ • 
h 


■ 1 + ly. 


]) = —m cosh" ’ 


TO 


ry = —m log, { 7) f V Ir^ — nv‘ 
fcosh"^-^^^—cosir' ^ 


y = m I 


) 

m j 


(1) 

(2) 


w 

. ^ =f;'iogJf+^'^'-;"“i. 

\ b V lA — J 
From equation (2) the curve of the side may bo plotted by calculating 
vp^lges of y, corresponding to a series of values of x. 

Since v=:C ^ m i this velocity with any given gradient may be 
■adjusted to any given value by designing the small channel so as to give 
the re'quired value of to. The only restriction is that m cannot e.\ceed 
6^2, this being its value when the lower channel is semicircular, or 
rectangular with a breadth equal to twice its depth. 


Examfld. 

To design a channel to give an uniform vefecity of flow of 4 feet per' 
second, the half breadth h being 2‘5 feet, and C having a value 90. 

Here, assuming a rectangular section for the lower channel, of depth 
''2‘6 feet, we have m =' P25 feet. 

.•.4 = 90 ^ 1 ^ 

i = -ooiea 
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Again when x = 5 vie have 
y = l-ii5 I 

= 1-25 log. j 


6 + Vlr> - l-f)G‘ 2 ^ 
‘2-5 + L5G25 

6 + v/'Ss-4875 ) 

2-5 + V 4-6875 > 


1 


= 1-25 log. 2-108 
= 1-25 X 2-802 logio (2-108) 
= -983 feet. 


Obtaining a series of such values of y, corresponding to definite values 
of X, the section may be constructed. For this particular example the 
following table shows how the half breadth of the section increases with 
the depth:— 


X 

2-5 

5-0 

10-0 

15-0 

20-0 

30-0 

50-0 

y 

0 

-933 

1-817 

2-320 

2-520 

2-882 

3-800 


The curve is a portion of a catenary, and, writing its equation in the 

X 


form - -= cosh ' * 

VI, III 


or 


m cosh ^ ^ 


it will be seen that this catenary has its axis parallel to and at a distance 
(— I)) = TO cosh ^ ^ 


' — below 

lU 

the axis M' M, while its ver¬ 
tex P is at a horizontal dis¬ 
tance TO from the centre line 
0 O' (Fig. 131). 

In a closed channel, or 
sewer, it is impossible to make 
the mean depth, and therefore 
the velocity, constant for all 
depths of water. To approxi¬ 
mate to this as far as possible 
the egg shaped sewer (Fig. 

182) is often used. In section this consists of two circular arcs centred 
at A and B, and connected by,a second pair of circular arcs centred 

H.A. X 


C 




1 

\ J ,--''1 

1 

1 \ > 


3 

\ 

. ^ / 

1 

Vi_.a 



1''IG. 132. 
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at 0 and C. The pi'oportions often adopted in practice are indicated in 
Fig. 182. 

Figure 188 a and h bIiows sections which are sometimes adopted for 
large sewers to the same end, the hydraulic mean depth being fairly high 
even with a small discharge. 


Effect of varyii^ m or i. 

Assuming v = C V vii 


we have 

dv 

= 1^ 

i ' 

d m 

2 

VI 

or 

O I- 

11 

. d VI = 

V 

^ VI 


2 in 


(I r 

_ d m 



V 




Thus a small increase in m produces one-half its percentage increase 


in V. 

Similarly it may be shown that ^ so that in calculating r, and 
therefore the discharge, from this formula, any error in the value 
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Again, since 


Q = C 

// Q _ 
d A ~ 



d (,i _ S d A 

V “ ‘2 ' .1 ’ 

‘ (* 


A- 


BO that, ir^glecting the snull iiicniasi! in th(3 w.ittcd ponmct;ir accompany¬ 
ing an iiici’oaB(! in depth, any sriiall increase in the cross sectional area 
produced by such a eliaugo in depth will ho acco npaniod hy 1'5 times 
tliis proportional increase in th(! discharge. 

Again assmniug A to he known and a small error to be made in the 
estimated value of I', we have 



■ ■ V 2 P ’ 

so that this error leads to one-half the proportional error in the 
estimation of Q. 

Since those errors should lai seviu'ally small and may all occur in the 
same direction, the total possible error will be ecpial to their sum. 

Thus if the probable error in the estimation of i = p per cent. 

„ „ „ „ .. • V d = <1 poi’ cent. 

„ „ „ ,. P = '■ I'er emit. 

The possible area in the estimation of the discharge, assuming C to 
have its correct value, will he given by 

j ' ■ -f I f) q per cent. 


Anr. 8fi.- -GfiNkiui. EouArroN of Pi.nw in an Ockn Channei,. 


Consider ii steady stream of ei’oss-sectional area A, flowing over a bed 
having an inclination d to the 
horizontal, where sin d = slope 

Let A B (Pig. 134) l*e any 
stream tube, the vertical depths 
of A and B below the surface 
being and i/^. 

Let Jig be the loss of head in this stream tube from A to B, due to 
frictional resistances. 

X 2 
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Then applung Benioulli's equation of enoigy, we have 

Pa , . 

ir ^ 2;; + 


Vii I '!jI_ 1^17, 
T ^ T T A"II- 


IV 


Let the difl'erence in the level of the water surface over the points A 
and IJ be r. 

Then + .Va + r 

••• = i' + ’ll! - Va 

' •^7 + '■ + P“ ~ - 'IV ^ il, + 


II’ 


If the st7'eiini is sensibly ]>ariillel over the length - A Ji, iia will be the 
case if 0 is not huge, we have 


- 


11 


\ = yj^ and 


■■ 2(/ 


r = - 


?'a. 

■)j" 

,..2 

' 2 '/ 

■ r 


■ ?/a 


"^' + »' = oA+ ■.''a 


2.(/ 


+ A^fur 


If now we imagine the area A divideil into u. clenientiiry S('(!li(7i7.s,'e7udi 

A 4 ‘ 

equal to — we get, for ciich stream tube of area — :— 


n ‘ n 


' a' — lU 7 A‘ , 

Tly- 


and, summing tliose over the jvhole section, 

If we assume that the velocity is constant over any cross section, the 
■Above equation reduces to 

Ar=A^ 


2 //- 


A +A 


where 's the total frictioniil loss between the cross Bocli(7ns at A 


and B. 

This is still true of the whole mass of water in the stream if thq 
velocity at a cross section is not uniform, provided that the distribution 
of velocity is such that the total kinetic energy at that section is equal to 
the mass of water multiplied by the square of' the mean velocity at the 
action. In this case Vn and become the mean velocities. Experi¬ 
ments by Messrs. Fteley and Stearns on the flow of water in the-Sudbury 
gpnduit, 9 feet wide and 3 feet deep, in which the velocity was nleasur^ 
at 87 different points in a cross section, gave results showingvthat the 
‘error in assuming this to be -true was less than 1 per cent. The 
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will be greater in a shallow channel having a rough bed, but in general 
the results calculated on this assumption may be taken as substantially 
correct. 

If P = wetted perimeter of section, and if (a/ = mean square of the 
velocity from A to B 

/(rf 

9,'/ 




i! ■ 


.P. A B, 


If /I 71 = 8 / we have r = - 5 -, 
a I 


2 .'/ 2 // 
d r 


A B, 


8 /, while if V 
where m is less than unity. 
So that, neglecting small quantities of the second order 

/r“ P 


dv 


^, = r,v^ = r + ;'-j.8/ 


and (r)^ = ® ^ ^ 


)■ 


7 ‘^'-'1^81 

2 !l 2 <1 


-81 


dr.f,^ P 

d 1. 'J, 11 ' A' 


( 1 ) 


d I 2 ;/ ' 2 <1 A 

d r r 

or = - 

d I (j 

This is the- general equation of flow in an open channel, v being the 
mean velocity at a cross section, and though the assumptions made in its 
conception arc not altogether justified by the result of exi>eriment, yet it 
forms a useful guide and is capable of a wide range of application in the 
general problems of (diannel flow. 

If h is the depth of water at A (nioasured vertically from the surface), 
the depth at B is given by 

h-'l/^.8l + i.8L 


Again the depth at B is given by 


d h 
■ d I 


.81 


i8lz 


dr 5. , , (7 h 

■dr^^+di- 
dh 


,lr_ _ 

dl~^ li I • 


Substituting this value»iu (1) wo get 


d h _ r d_r , f 
d I </ d. I 2 <j 


81 


P 

A’ 


( 2 ) 


giving the general equation in terms of the slope of the bed. 

The physical interpretation of this equation is that the total loss of 
(potential and pressure) energy per unit lepgth of the channel, due to the 
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fall in the level of the tied and in the depth of the water, is equal to the 
increase of kinetic energy together with the loss in friction per unit 
length of channel. ( 

For uniform How such as occurs in a culvert with slope, velocity, and 

depth of water constant, wo have 


dh 

ill' 


d I 


■ . fi-'^ V 

~ 2,7 ■ .1 

or the tfital ])otHntial energy is absorbed in overcoming fi-ictional resist¬ 
ances. This gives the relation between the slope and the velocity, or the 

discharge Q, for since v =: V - ^ 


• . '1 — V — V /• 7) > 


fP 

so that for a given slope we can find the section for r to be a constant, 
and to give any required discliarge. 

With a rectangular section, l)re;ulth h, wo get for either unifonu or 
non-uniform flow, it h is constant and it Q is constant 
(j — r h h = c.mst. 

(■ h — const. 
d h 


, d r , 

- ,// + '■ dl 


:0 


d r _ r d h 
h'di: 

Substituting this value, ('i|uation (2) becomes 
il h d li , /'('■* 


dl 

dh 

dl ■ 


7 h d I 2 7 ,1 


a,'/ 


1 - 


7 h 


( 3 ) 


j.a dh • 

Here — , •,, still represents the rate of increase of kinetic energy. 

(J tb it I 

with length, and shows that the K. E. increases when the depth 
diminishes, i.e., when is negative. 


If h be groat in comparison with h, wo may write 


t -I- 2 7t _ 1 , 

A “ //7rT“X' 

(approximately), especially if, as is very usual in open chani^els, the * 
bottom is rougher than the sides. ■; 
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Substituting this value in equation (3) we have, for such a channel, 

/ 

dh ' ■ “ 

d I 1 I 


» _ JJ^ 

• 2 <7 h _ . } 

1 _ 

g h 


2 g li i 


1 - 


g h 


( 4 ) 


This gives the slope of the water surface, and from a solution of this 
equation, the profile of this surface may be determined. 

Thus for steady uniform flow y = 0, i.c., the depth is constant 
throughout. 

1 _ =0 

‘1 g hi 

h = f^. 

'Igi 


or 


(6) 


Aet. 89.—Non-Unifoem Flow. 

It, as is usual, the motion while being constant at a point, varies from 
point to point in tlie length of the stream, so thaty~| and therefore 

is not zero, let II be the equivalent depth of an uniform stream of 
breadth h which would give the same discharge as the variable stream in 
unit time. 

fyi 


Then 


wlicro 


// = ■ . 

2 (/ * 

Q = I ' h TI or V = 


from (5) 


Q 

h II 


2 i 1 / , 

i? ■ 


. (T 

Substituting for in (4), this becomes 

TP ^ 

I { 

dji 
d I 


‘^oiTP 

W 


P 


2 i f 


( 0 ) 


1 

^ P ■ \f i 

This is the differential’equation to the curve forming the longitudinal 
profile of the surface. 

Since the value of ~ depends both on the ratio which may be 
d I ti 

2 i 

artificially adjusted in any stream, and on the ratio which is fixed. 
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once the slope and physical condition of the bed is fixed, an investigation 
of any particular case of flow must take into account both tliese factors. 

The surface curves corresponding to a few particular cases of flow will 
now be investigated. 

First suppose les.3 than unity, the state of affairs existing in a 


f 


channel of slope less than ^ 


f- 


The following may be taken as ai'proximate values of / at such 
velocities as are common in jiractice (Bazin), the foot l)eing the unit of 
length. 


Smooth cemented surface 

/ = -0030 

Ashlar or brickwork 

= -0037 

Bubble masonry . 

= •00(55 

Earth. 

= '0120 


2 i 

BO that for to be less than unity, with a rubble masonry channel thfe 
slope would nut exceed ■00825 feet per font,.or 1 in 310. 

Case 1 (a). Let y*-< 1 and also /i®< ^7/®. 

. Both numerator and donoi^ator of the right-hand side of equation (6) 
are now negative, so that j-j is positive, i.e., the depth of water increases 


down stream. 


Also as h increases it finally reaches the critical value \ 


y 2 i 

/ /■ • 




H. 


Here the denominator t)ecomes equal 
to zero, and in consequence the value 

/>' becomes oo, or the surface 

d I 

curve at this point becomes vertical 
(Fig. 185). and the phenomenoh, 
j-jQ J 35 known as the standing wave is 

produced. 

, In the figure, suppose the dotted line .S' S' to be drawn parallel to the 
bed, to represent a depth aJ ‘Ai . H. If by moans of a sluice'we ca^* 
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get the water surface below this level, then on passing the sluice the 

depth of water increases as shown. Finally, when h = y y- • JJ, the 

curve should he vertical where it intersects this line. Before this limit 
is reached, however, the hypothesis that the stream lines are sensibly 
parallel ceases to be even approximately true, and the curve becomes 
modified as shown in the dotted«lines. This is exemplified in the case 
of a sluice fitted in a channel having 
a very small slope. 

If hi and 1h be the depths of the 
stream before and after its sudden 
change of level, the value of /12 may 
be calculated. 

Let I’l and r^. be the velocities at 
sections hi and Ih. 

It is not now legitimate to assume that the loss due to shock at the 
sudden change of section is as in the cose of pipe flow, since 

the pressure over the area 7?' E (Fig. 13(1) is no longer uniform and 
equal to that from E to E but varies with the depth, and hence one 
of the fundamental assumptions made in deducing this formula is 
unjustified. 

On applying the e(iuation of momentum, however, to this particular 
case, we have 

Difference of forciis acting in the direction of motion,) _ 
on the faces C D and 6f TI 

where ]ii and are the mean jrressnres over the areas Ai and A 2 . 

W hi _ IF hi 

Then ]h = -g '' 


: Pi Ai —pi Ai, 


j.-la — Ai n“|- 


The change of momentum per second, in] _ 
passing the sections C D and G II J 
Also Ai ri =■ Ai (' 2 , and if the section is rectangular, hi vi = hi n, so 
that on equating the momentum per second to the force producing it, 
we have 


% ^ — h — ~ ’"i ’'2 

'I Vi 2 ~ (/ 

, hi h_i //] rr 

■ ■ 2 ■ III 2 “ (j ( hi) 

“ g 2 iij ■ hi — hi 2 /q 
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li hi — hi — j! this reduces to 


_ (3^ + 2 h) (x + hi) 

9 2 /ti « 



This gives the height of the standing wave. 

An explanation of the production of'the standing wave may bo found 
as follows. An examination of equation (8)'shows that j-* can only be 

infinite and a standing wave formed when = g h, or when 

_dh 
9 h dl~ d r 
But 

dh, _v V dh _ v dv _ d I v‘ 

9 h' dl~ (j' h'd l~ 9 d l~ d iKig} 
so that the standing wave is produced when 

d / \ _dh 

~dl\¥g)~Il 

i.e., when the rate of decrease of kinetic energy is equal to the rate oi 
increase of potential and pressure energy due to an increase in the depth 
or vice vend. 

Until this point is reached the rate of decrease of kinetic energy is 
greater than that of increa^* of pressure and potential energy, tin 
difference being due to energy expended in eddy formation. Assumin' 
for the moment that the surface curve could he continued through th( 
point, we should have the rate of increase of iiotential and prossurs 
erfergy greater than that of decrease of kinetic energy, and hence shoulc 
_have an actual increase in total energy, a state of affairs which ii 
manifestly impossible. * 

This can only be overcome by a sudden change in the distributioi 
of pressure over the section of the stream, the effect being silmost identica 
with t^t produced by the introduction of a solid obstacle in the path 0 
the stream. As a consequence of the shock thus produced there is 1 
sudden loss of energy in eddy production, the velocity of How of necessit; 
^ falls, and a corresponding rise of surface ensues. 

' . . > \/—- . II 

, ■ After rising to the level, hi, where hi ' / ' , we have the stab 

> ■ . . ■ <H 

.fCt affairs considered in Case 1 (b). 
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2i . . */ 

Case 1 (b). Here < 1, while h is greater than V 


/• 


H and is 


less than H. • 

In equation ( 6 ) the numerator is now negative, while the denominator 
is positive, so that is negative, or the depth h diminishes down¬ 
stream. , • 

As the velocity increases and h diminishes, the denominator of the 


fraction 


}P 
2 i 


- y IP 
a limiting value — oo where h ■■ 


vanishes before the numerator, so that 7 7 tends to 


d I 




II. 



At this point the surface curve becomes vertical as shown in Fig. 137. 
If produced by a sudden drop in the bed of a stream, as shown in this 
figure, h increases up-stream, and 
approaches more nearly to II as this 
distance increases, the surface curve 
being asymptotic to tlio line li W. 

Such a drop in the bod may cause 
an appreciable increase in the velo¬ 
city of flow for a considerable dis¬ 
tance u)>-stream and may thus affect 

the foundations of structures (bridges, etc.) which may be placed 
up-stream, besides causing serious erosion of the bed. 

In the case of the sluice (Pig. 135), the water after rising to the 
height hi is governed by this second set of conditions, so that the level 
’ . . 

again falls until h= y -jr . II. Inertia then causes the level to fall 

below this, when we have the conditions of Case 1 (a) repeated. Thus a 
series of stationary waves are produced, the level alternately rising and 

falling above and below that given by = \/ ~ 


II. At each 


successive jump a loss of energy occurs, and the velocity energy after 
the jump is therefore ditninished. It follows that the value of h.^ must 
be greater after each successive jump, and ultimately will become equal 
to II, after which steady flow occurs. 

The same reasoning applies to the stream after passing the drop in the 
bed (Fig. 137) the depth ultimately settling down to II. 

The state of affairs outlined in this second case may be met with where 



^ dume having a slight inclination delivers water to a penstock from 
^hich one or more turbines or water wheels are fed. It then becomes 
important that the proportions of the flume should be such as to prevent 
the water level from falling below a certain minimum. This'problem 
will afterwards be considered in detail (p. 324). 

Case 1 (c). 


h > 11. 



Here the surface is everywhere above the line R R' (Fig. 138). Both 
the numerator and denominator in the fraction. 

f '‘"JT ) 

i . 2 i jp r (equation 6) are positive 

;,3 _ j/8 . ■ 

Down-stream then the depth increases, and-h ,• ultimately 

- y IP , 

tends to the limit unity, i.e., tends to . the limit i, the slope of the 

bed. It follows that the down¬ 
stream surface tends to become 
horizontal. 

Up-stream h tends to the limit 

H, and to the limit zero, so 

that the curve tends to become 
asymptotic to the line R R'. 
This is the form of surface curve produced by a weir or dam in a 
stream of small slope, and is of importance since the introduction of such 
a dam causes what may be a serious raising of the backwater level for 
some considerable distance up-stream. 

2 i 

Kext let j be greater than unily, the state of affairs usually existing 

artificial water supply channels. 

'Case 2 (a). 
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(equation G) is now positive and the depth increases down-stream. 

Since, as h increases, tbfe nu¬ 
merator* vanishes before the de- 
dh 


nominator = 0 in the limit, 
d i ’ 

i.e., the surface curve tends to 
become asymptotic to the line 
It It' (Fig. 139). 

This state of affairs is at¬ 
tained at a sluice in a stream having a slope greater than ^ 

Case 2 (/<). 

Let j. > 1, and let h be greater than II and less than — . II. 

(!■ It ** 

Here ^ (equation 6) is negative and the depth diminishes down¬ 
stream. As h diminishes the numerator vanishes before the denominator 
and in the limit = 0, or the curve becomes asymptotic to the 


f 


line Pi It', and the stream settles 
down to the uniform depth //. 
This state of affairs is realised 
i wherti an obstacle in a river 
bed may have caused the level 
to rise to within the required 
limits. The surface curve is 
then as shown in Fig. 140. llj)- 
streara, as h increases it finally 



reaches the value 



II. 


It '''' 


is — CD, and the curve becomes 


perpendicular to the bedof the stream. As h increases still further the state 
of alTaii’s considered in Case 2 (c) is attained. This vertical front is seen 
when a sudden rush of water, such as may be produced by the bursting of an 
imibankment, is caused iq a channel of fairly rapid slope. It is also seen in 
the bores which occur at certain states of the tide in the Seine between 
Havre and Rouen, and in various other rivers and contracted channels. 

Case 2 (c). \ 2 i - 
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Here ^ is positive 


h inereases down-stream. Down-stream 


- tends to the limiting value unity, so that in this direction 

the limiting value oi is i, or the surface tends to become horizontal 

(Fig. 141). 

Up-stream, as the depth diminishes, we reach a point whore 

h = \/ ^ '' II, and, for this value of h,~ = oo or the surface curve 
’ /' d I 

here becomes perpendicular to the bed of tho stream, a standing wave 

being produced. 

This is the curve obtained where an under-wator obstruction such as a 
dam or broad-crested weir is placed across a stream of rai)id slope. 

being 


Since the possibility of becoming infinite, dejiends on y* 



Fio. 141. 


(I I 

greater than unity, the production of a standing wave under these 

circumstances is only possible 
where this latter condition is satis¬ 
fied. ■ 

In practice the two most im¬ 
portant cases are those represented 
in 1 (h) and 1 (c). In tho first of 
iL these, tho effect of a sudden drop 
in the bed of a stream may, as 
already e.'iplained,he, serious, while 
the case of the reduction in level in a fore-hay feeding a powei- plant, 
-p^. used by the sudden demand for energy by the tuvhines also comes under 
, '^s heading. In the second, the effect <>( a dam in increasing the surface 
i^rVation at points further up-stream is important. The investigation of 
eaich of these cases resolves itself into determining, from a solution of 
equation (6), the value of h corresponding to any point at a distance I 
from some datum, since when this is known, tho rise or fall from normal, 
and consequently the change in velocity, can be determined. 

To obtain a solution for the equation, we have 

f 
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Writing ~IL~ that this 1>6 coiii6b 

• , • f ?)i® — 1 

I, d m . --— 

7/ —7-r- = * o 2 » 
d I I ?)r-J- 

r , 2 i 1 


.•• d Wt j 1 + „ [ = 77 


- 1 


Integrating this expression, 


Wllltu 

/ i/ '« _ 1 /I 
y«?-r 2y V 


TO -j- 1 _ _ _ _ 1__ 

())l^ + ™ + 1) 1) "i" ^ 


_ _ }. (J.log. ^ - tan 

- ois*'^'' (m,- 1 )^ ^ a/s 


...•■=[,,-(.- 7 ) 


_j ‘2 111 + 1 


1 , w“ + 7)1. + 1 




( (i (/a-IF V3 V3 )J ■ 

Tl'.e expression 

I i log + -1 - tan-‘ ^ ^ I 

I G (III -\f V» Vii ) 

is oft'.!n termed the “ backwater function.” Writing this as ^ {m), the 

equation becomes 

/ = „)-( 1 - (to) + G 

il = h-Il(l- <!> (7)0 + G 


j, = ii+ij(^l-^)<l, {m) + G (9) 

Thus if hi and are the depths at points distant k and k from the 
datum, we have • 


h — hi = i (h ■ 


■ k) + h{^i I ^ (™i) - ^ ■ 


The following table gives values of ( 771 ) for different values of -gr 
in the case of a dam, where h is always greater than H. 



820 


HYDEAULICS AND ITS APPLICATIONS 


Prom theso values a curve may be constructed if required for use, and 
intermediate values obtained by interpolation. 


' h 

<p (m) 

h 


h 

<p ("0 

h 


IT 

ll 

t ('") 

If 

If 

(f, {ill) 

I'OOO 

CD 

1-020 * 

2-098 ' 

1-10 

1-687 

2-20 

1-015 

1-001 

3-090 

1-026 

2-026 

1-15: 

1-408 

2-50 

-989 

1-002 

2-800 

1-030 

1-900 

1-20 

1-887 

3-0 

-903 

i-no;s 


1-030 

1-9118 

1-30 

1-280 

4-0 

-939 

1-004 

2-(i29 

1-044 

1-813 

1-40 

1-211 

5-0 

-927 

1-006 

2-666 

1-060 

1-803 

1-60 

1-162 

7-0 

-916 

1-007 

2-116 

1-050 

1-703 

1-00 

1-125 

10-0 

•911 

1-010 

2-3-20 

1-000 

1-745 

1-70 

1-096 

16-0 

•909 

1-012 

2-200 

1-070 

1-097 

1-80 

1-073 

20-0 

•908 

1-015 

2-192 

j 1-080 

i 

1-0,60 

2-00 

1-039 

50-0 

•907 


In the case of a fall down-stream,is always less than unity. The 
following table gives values of (</> m) for this case. 


h 

ir 

("') 

h ■ 

II 

f ("0 

/« 

"/?■ 


h 

U 

4 >(™) 

1-000 

00 

•986 

2-183 

! -850 

1-367 

•100 

•709 

•999 

3-090 

•980 

2-08.6 

•800 

1-263 

•360 

•6.66 

■998 

2-869 

•976 

2-009 

•750 

1-1.69 

•300 

•605 

-<'•997 

2-723 

•970 

1-916 

; -700 

1-078 

•250 

•553 

•996 

2-628 

•960 

1-847 

1 -6.60 

1-006 

•200 

•503 

•995 

2-5.62 

! -950 

1-769 

• -600 

•939 

•1,60 

•4,68 

■m 

-2-491 

•940 

1-706 

•660 

•877 

•100 

•402 

•992 

2-396 

•920 

1-602 

1 -500 

•819 

•050 

•352 

•990- 

2-319 

•900 

1*522 

j -450 

•763 

•000 

•302 


As an example of the use of these tables, ealcfilate the rise in level at, 
a point J mile up stream, produced by a dam arranged so as to raise the 
Jevel at its crest through 8 feet. The original depth of the stream, 
supposed uniform, was 2 feet, the slope of the bed 1 in 600 (='002), 
■and the value of/='006. . ^ 

'/' The necessary height of the dam may^be calculated by an appUcatim^ 
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of equation (1), p. 168. Assuming this to be done, we have, in th6 
preceding formulae 

If = 2. 1 -1L= 1 

J s s 

Let the suffix (1) refer to a point just above the dam, and the suffix (2) 
to the given point. 'I’heii since the positive dy'ection of I is down-stream, 
we have in equation (10), /ij = 10 * fi = 0; 4 = — 2640, and from the 

tables we get <#> ()»i) = <j> ^ = -927, so that this equation becomes 

10 - h., = -002 (2610) -f- -66 1-627 - 

■■•'‘■-I* (4)=““*- 

This equation can only be solved by trial. 

Let _ 4-102 = y 

Then if h = 6, ?/ = 5 — -0593 — 4102 = + -2387 

„ hi = 4,1/ = 4 - -6927 - 4102 = - -7947 

For a solution of the equation, y must equal 0, and since the value of 
a continuous function such as y cannot change from + to — without 
passing through the value zero, it follows that for some value of fea 
between 4 and .'5, y = 0. 

Evidently, too, tlie correct value of h is nearer 5 than 4. Try 
h = 4-7.5. 

If h = 4-75, y = 4-75 - -6656 - 4-102 = - -0176. The value of h 
is then between 4-75 and 5-0. 

A close approximation to the correct result can then be obtained by 
drawing a curve connecting those values of y and of hi already found. 
Where this curve intersects the a.js of h, we shall have the value of hi 
which makes y = 0, and therefore which satisfies the equation. In the 
problem, hi = 4-78 provides a very close approximation to the correct 
value. At a distance up-stream equal tc 4,000 feet the value of h, 
determined in the same way, is 2-84 feet. Since the slope is -002 the 
height of the bed at tliis^latter point, above that at the dam, is -002 
4,000 = 8-0 feet. 

The surface at this latter point is therefore "34 feet higher than at the 
dam. With the dam removed and the flow per minute unchanged, the 
flow being uniform and the depth of channel equal to H, the difference 
of level instead of being -34 feet would be 8-0 feet. 

Figure 142 illustrates the form of backwater curve observed by 

n.A. 
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D’AubiuBson on the Wesser. Here the mean slope of the ted was 2'83 
feet per mile = ’000141, and the depth before introducing the dam was 
2'46 feet. The effect of the dam in raising the surface level was apparent 
tor 4’33 miles up-stream. 

In a second series of observations on the Werra, the following results 
were obtained. 

Mean depth 11 = 1'7 foot, width — 80 feel; fall = li'HS feet per mile. 



A dam 15'6(! feet in height was placed across the stream, and the height 
of water over the till was found to he I'lS feet. 

The following table indicates the observed and calculated depths, rjnd 
rises in surface level at points above the dam. 



In these calculations the value of/has boeu'-tahun as '02. 

As an example of the effect of a drop in the bed of a stream in pro-,, 
ducing an increased velocity at points up stream, consider the samet, 
stream as before to have a fall at some point in its length {Case 1 (h )), 
and suppose that this causes a lowerina of the surface iust ubote the fali^ 
through a depth of G inches. 
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Then as before If = 2; 1 - j = 

Also in equation (10), we have 

1 5; = 0; </. {)»,) = ./) ) = Vinn (from table). 

To determine the depth at a point 50 feet up stream we have 
hi = — 50 feet, BO thai the eipiation becomes 

1-50 - hi = -002 (50) + I j 1-150 - ./> ^ ^ 

( 2 ) “ ~ 

= -027. 

2 / hi \ 

Putting ^'2 ~ 3 '#> I "2 ) — — y 8®^ 

if hi = 1-8, ;(/ = 1-8 - l-014t5 - -627 = + '1584 

„ hi = 1-9, y = 1-9 - 1-1798 - -027 = + -0937 

„ hi = 1-95, y - 1-95 - 1-3898 - -027 = - -0303 

On plotting values of hi and y, the curve shows that yi is zero when 

hi = 1-946 (approximately), and this, therefore, gives the depth at the 
given point. 

At a point 20 feet up stream we have 



On solving this eejuation in the same way, we find that the depth here 
is 1-932 feet (approximately). Since the bi-eadth is constant, the mean 
velocity at any point is inversely proportional to the depth, so that at the 
two points 20 and 50 feet up stream the velocities are increased by the 
2 “ 

fall in the ratios and respectively. 

This action becomes increasingly important as the slope is diminished. 
For example, in the previous (ase, if the slope were diminished to -001, 
the velocities at the same two points would be increased by the fall in the 
2 2 

ratios pg- and pyjj respectively. 

■ As a further example of «the use of these formulae, consider the case of 
a flume of rectangular section, feeding a forebay from which a turbine 
is to be supplied. 

The breadth of flume is 20 feet, the slope 1 in 1,000, the length 1,000 
yards, and the value of/=-003. The discharge required is 500 cubic 
feet per second. 
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The value ot //, the uniform depth necessary to give this supply is 
given by _ 

^ ^ 61-4 X 400 X ’001 

= 3-08 feet. 

If at the upper end the du()tli of water is greater tlian this, say 4 feet, 
we have (Case 1 (c)) and evorywherd h > 11. The depth of water thus 
increases down stream. 

Applying equation (10), we now have 

h (at entrance to iluino) = 4'0; fj = 0 

II = 3-08 ; k = 3,000 feet; | 

= (1-3) = 1-280 (tables) 

4 - /ta = - -001 (3,000) + ^ 1 p280 - </> (J])] 

7 - 1-315 = h - r027 <l> 

h, - 1-027 ^ - 5-68,5 = »/. 

If h = 6-70 y = 1-015 - 1-027 (1-017) = - -030 

„ = 6-75 y = 1-065 - 1-027 (r015) = + -022. 

The correct value of hi, the depth in the forobay, is approxiniatelj 
6-73 feet. The depth of tHi water in the flume at different points ir 
its lengtli can be calculated in the same way, and the nocessarj 
height of side ascertained. 

’ If, at the upper end, the depth of water is equal to II, this wil 
"^remain constant throughout, while if less than II and greater thar 


H or -871 H, i.e., between S’OS feet and 2-68 feet, we get Cas( 

1 (6). The height will now decrease down stream until it reaches th 

value ^ y , after which a series of waves will be produced, and tb 

depth will, as explained in Case 1 (h), finally settle down to 3-08 feet.. 

The critical point is found by putting fta = = 2'68 li 

equation (10). Let hi 3-0 feet. 

Then we have at the critical point 

8 - 2-68 = -001 ^ J ^ (l^s) “ f|§n 
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-32 = -001 (- k) - 1-027 { 1-996 - 1-4-29 } 

-262 = -001 k 
h = 20-2 

If, at the Biiti-unce, the depth is less than 2-68 feet, as might occur 
if this flume were fed from a sluice, we have Case 1 (a) repeated, and 
the depth would finally increase up to 8-08 feet. With an open 
channel leading directly out of ‘a reservoir, the required discharge 
could on’y he obtained by having the depth at entrance equal to or 
greater than II. 


Art. 90.—CeAKNEt, with Horizont.ir Bed. 

Here i is zero, so that equation (6) of the last article ceases to apply 
Making t = o in equation (3), p. 310, we get 

p 

d h _ 2 (/ A 

d 1 ~ 1 _ r“ 

ij h 


( 1 ) 


Writing we have, if the channel is rectangular and broad, bo 


//■“ //•* 


that' 


: (sensibly), 


d h 

ITl' 


JQ^ 


dll 


2 q U‘ A-' 

</ P 

.f(F 


( 2 ) 


Integrating between the limits and k we get 


li-h = V 


1 J q 1? 


■ j ( 8 ) 

from which the difference in level (Jti — hi) at any two points distant 
h — h from each other, may be calculated when a given quantity bicubic 
feet per second is flowing along the channel. 

Expressing (2) as 

d h 1 


dh 


2 

/ ‘ </ 


!LF - 1 I 
' (/ { 


we have, for ^ to be infiniie, the condition 

g F = g» = t;» 6“ 


(4) 
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80 that it by any means Buch as drawing off a consideralde amount ot 
water suddenly by opening a lock gate, the velocity can be made equal 
to V p /i, a wave with vertical crest will be produced. 



Airr. 91.— CiuNOB of Lf,vel in a Stkram I’nonucBi) by Beidoe, 

PlEES, ETC. 

Where a series of piers are placed across the bed of a stream, the effect 

is to raise the np-stream level 


exactly as if a dam were placed 
in the stream, and the form of 
the surface curve will depend on 
whether the stream satisfies the 
conditions of Case 1 (c) or 2 (c) 
(pp. 316 and 317). 

The height will he a maximum 
at the up-stream end of the pier. 
On arriving at the contracted 
section of the stream, tlie velocity 
will he increased, the increase in 
kinetic energy necessitating a 
corresponding loss of potential 
energy, and the depth is dimin¬ 
ished. On again arriving at the 
open channel the velocity di¬ 
minishes and the depth increases 
(Fig. 143). 

< Neglecting losses by friction between the sections (1) and (2), if h and 
fijare the effective breadths and In, hi the depths at these points, we 
haye ' 



>'i + 




2 ;/ 


2.7 


. 2 2 
assuming the kinetic energy to be that given by y‘- and where in and 

n are the mean velocities at the two sections, an assumption wlpch 
within narrow limits is justified by experiment. r 

r/ = vi + 2 (j X, where x = In — I 13 . 

If the discharge' through the contra ;ted area at (2) is given by c hi hi Vj, 
we have 
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Q 

~ hi hi 

. ,-yM . J_L_1 

•• ■^-ii</{c^h./h,^ VAxM 

_ (/ ( V 1_1 ) 

'-•2 7, i V V )■ 

The value of <: vai-ies with the form of pier, hiil with pointed cutwaters 
is about •95 (Ejlclwcsiu), diininishiiij' to ‘85 for a bridge having square 
or rectangular piers. By considering the problem as one of flowthrough 
a weir or notch having a submerged crest (this crest being level with the 
bod of the stream), and under an eflective head x, we may obtain a second 
expression for Q in terms of .r, and by o(iuating these two expressions the 
valuo of h'l may be obtained in terms of Q and of hi and 5a. From this, 
an application of equation (!)) (p. fll!)) will give the depth at any point 
up stream, and the entire up-stream profile may then be plotted. On the 
down-stream side of the obstacle there is a gradual rise of the surface 
level as the depth increases to a miifonn value II. 


Aiw. 92 . 

With radial outward flow over a horizontal bed, such as occurs when a 
vei-tical stream impinges on such a surface, we have, if h is the depth at 
a radius r, Q the quantity per second, and r the velocity at radius r, 

Q = r X •! 7! r k = const. 


(I h , , d c 

V r - - 4- /■ h 


dr' d I 
d V _ __ I r d h 
■ ■ d f— \ kdr ' r I 
Substituting this value in equation (2) (p. 309), we have 


-j- r k ■— 0 


,U,. 

d r 


d k 
(j k d I 


+ 


¥>■ J 




,/-f» 






But with q. horizontal bed i — n. 

!'• 2 T! r 1 , , 


(2) becomes = 
dr 


v‘ 
9 r 


IJl. 

2 9 k 


ir 

gk 


I 

f 1 / 1 

g 

1 

a 


1 - 


g h 


( 1 ) 


(2) 


(8> 


1 
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This becomes infinite i[v^ = ff h, 


i.e., if 
if 


4 »■“ /»* 

/\2 

P = 


g h ^ 


(4) 


4 II ' )•“' 

At the radius at which this relation holds, a standing wave will be 
formed. . ‘ > 

The height of this wave may be estimated, as in the case of the wave 
produced in a rectangular channel. 

If »i and V} are the velocities and hi and the depths immediately 
before and after the rise, so that hi — hi = x, we have, as on p. 313, 

^+ hi) 

g ~ -ihi 

from which 

hi -hi = x=\/hl + -Ihi. • 


Abt. 93. —Chanoe ■ OF Level PnonunED nv the Passage of a Boat 
THU ouoii A Nauuow Canal with Houizontal Bed. , 


Let A = cross sectional area of canal. 

„ a = sectional area of vessel amidships, beneath water line, by a 
plane perpendicular to its.nxis. 

Let V = velocity of vessel. 

Here the state of affairs maijf' be simplified if we first consider the water 
to be a perfect fluid. As the vessel moves along through this fluid, the 
volume displaced by the forepart- passes along backwards between the 
issel and the sides and bottom of the canal to fill the space vacated in 
e reaj. In this case we get a baijkward current extending from the 
prow to the stern of the boat, its veloeit^Y increasing as the effective area- 

of t^e channel diminishes, and having a maximum value v ^ -j ^ 


At the amidships section. 

To, produce this current a surface gradient is necessary, the surface 
fUling from its normal level at the prow to a minimum at the amidships 
section, and from this point rising to its normablovel at the stern. 

Due to the adhesion and viscosity of the fluid, however, a mass of water 
is. dragged along with the boat, forming a current confined mainly.to the 
centre and surface of the canal. > 

K„;-S!ipce, for permanence of the regime, the backward flow acAjss any. 
h^on of the canal must equal the corresponding forward flow, the baiflt- 
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ward bolfcom current roust now be sufficiently great to supply an additional 
mass of water equal to this, so that its velocity at the minimum section 
will be ( K + velocity at the bows being K v. Here 

'i?,' = a + oi wliere «] is the area of the channel occupied by the forward 
current at the amidships section. A — a' is then the effective area of the 
backward current. j • , 

But to produce a backward velocity of flow at the bows of the boat the 
surface level at the bows must be less than at some distance ahead, and 
will thus 1)0 below the normal. The result is that the water level in the 
canal falls as the boat aj)proaches, has its minimum value near the 
amidships section, and then rises to attain its normal value. The 
effect of the bow waves in modifying the level at the bows is here 
neglected. 

By applying equation (3) (p. 825), the difference of level at any two 



points in advance of the boat may be deduced in terms of K v, since Q = 
K V h hi, where hi is the depth of water at the bows. 

Pig. 144 shows the surface curves for a perfect fluid (dotted lines) and 
for water.* 

If the boat is nearer to one side of the channel the velocities of flow 
are greater on this side of the boat, the pressures, particularly abaft its 
beam are consequently less, with the result that it tends to sheer off 
towards the further side. 


AnT. 93 a.—Suction Effect between Passino Ships. 

Even in open water, where one boat is overtaking another in moderately 
close proximity on a parjllel path their mutual action, due to interferdnoe 
of currents between their hulls may have serious effects.- The mass of 
water displaced by the forepart of the leading boat, returning to fill the 
space vacated by its stern causes a continual influx of water towards the 

^ For the further investigation of the change of level round a moving vessel, a paper in 
The Eiigineefy vol. G3, p. 252, may be coi^^ultcd. 






830 


HYi)RAULICS AND ITS APPLICATIONS 


stern of the hitter, and this is inereiisod by the influx necessary to pro¬ 
vide the water thrown astern hy the propeller. Further astern the impact 
of the streams converging from the two sides of the hull produces a region 
of outflowing currents. 

The bows of the overtaking boat first come within the influence of this 
region which tends to produce a slight outward sheer. As it creeps 
further ahead the bows come witbiif the influence of the inflowing 
currents while the stern is still being repelled, with a resultant tendency 
to inward sheer which has often led to serious collisions. This oflect is 
a maximum where the bows of the follower are about one-third of its 
length aft the bows of the leading ship. As the follower draws further 
ahead the tendency to sheer diminishes and is replaced by a tendency to 
bodily inward drift, while when almost abreast, the bows of the follower 
become exposed to the outflowing currents from the leader’s bows while 
its stern is still being attiacted, with a consequent tendency to an out¬ 
ward sheer.' 

The effect depends largely on the sizes, speeds, and relative speeds of 
the vessels, increasing with the size of the leader, and with the common 
speed, and diminishing as the relative speed increases. ' 


Art. 91.— Fi,ow round River Ebniis. 

A river flowing through an alluvial plain always tends to gradually 
increase any winding which rfay occur in its course, until finally a new 
channel i’s cut through the narrow neck of land thus formed. The 
following explanation of this scouring of the outer bank of a bend and 
.li^ie deposition of detritus on the inner bank has been given by 
ProfesBpr James Thompson.^ 

,*• In consequence of the centrifugal forje, the pressure at any level it^a. 
transverse section of the stream increases outwards, so that the level of 
the free surface is highest near the outer bank. Near tbe bottom, how¬ 
ever, the resistance ot the bed reduces the velocity and consequently the 
centrifugal force ot the water, which now becomes insufficient to overcome 
the tendency to iuwai'd flow produced by the higher level of the free 
surface at the. outside of the curve. The watfsr near the bottom, then 
bas a tendency to flow inwards and to carry with it gravel imd other 
detritus which is left at tj;ie inner bank. Experiments in a model river 

% 

* Pot a full discussion ijt the phenomena ol interaction an article in “ Bedroc^," Yol. I.j - 
So. 1, pp. GC--87, may he consulted. 

J" *-a Proceedings Royal Society,” 1877, p. 356. 
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bend, in which the direction of flow was indicated by coloured stream 
lines and by the l)ehaviour of threads tied to pins fixed in the bed of the 
stream, as well as by floSting particles of matter, indicated a state of 
affairs as represented in Pig. 115. Tlere the dotted line A B indicates 
the path of a particle floating in the surface, while the curves shown in 


full represent the motion new the 
bed of the stream. 

As indicated, a counter-current 
flows from inner to outer bank over 
the upper portion of the stream, 
but since the same volume of water 
is moved by the two currents, and 
since the sectional are.a of the outer 
current is coraparativcdy very large, 
its (‘ffect in carrying suspended 
matter to the outer bank is negli¬ 
gible. 

While this theory undoubtedly 
accounts for a jairtion of the ero¬ 
sion, and for the deposition of de¬ 
tritus at the inner bank, it is 
probable that the impact of the 
stream on the concave bank is a 
more potent factor in actually 
causing erosion, and more par¬ 
ticularly is this the case when 



Section on C-D, 
Fm. U.'i. 


tlm stream is in flood and when in consequence the erosive effects 


are most serious. Under such circumstances observation shows that 


the surface velocity is a maximum near the outer, and not the inner> 
bank. * 


Aut. 94a. —Loss OP Head Produced by Bends in an Open Channel. 

Very little experimental evidence is available regarding the loss of head 
due to bonds in an qpen channel. Experiments on a cement lined 
semicircular conduit, 9-8 feet in diameter, divided into four consecutive 
sections A B C D, showed the following results.* 

Section .4 is a tangent 640 feet long. 

„ B is 120 feet long and includes a curve of 100 feet radius. 


^ Englneei'ing liecwd% Oct. 2l8t, 1911. By £. G. Hobson. 
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Section G is 220 feet long and includes two 50 feet radius reverse 
curves. 

„ D is 1075 feet long and is practically'straight. 

The horizontal curves were approximated to in construction by 10 foot 
tangents. The mean depth throughout was approximately 4 feet and the 
hydraulic mean radius 214 feet. 


Section. 

A 

71 " 

C 

1) 

Mean velocity . 

710 

(;-86 

(i'94 

7-15 

Co-efficient G . 

129 

1 

114 

90 

119 

Kutter’s n . 

•0132 

■0149 

1 *0189 

1 

■0142 


. The low value of the coefficient G in D as compared with that in A is 
doubtless due to the loss produced in this section during the redi.strihu- 
tion of velocities produced hy b(iud G and ought strictly to he debited to 
that bend, while similarly, a certain portion of the loss really duo to 
bend B would appear due to the bonds in the next section C. 

Probably, the following xrflues of G would be more approximately 
correct. 



Value of C. 

A. and l>. Straight cbannol 

128 

B. Curve of 100 ft. radius . 

118 

G. Tteverse curves of 50 ft. radius 

88' 


Aht. 95.—DiRTmnuTioN or Vki.ocity in an Open Channel. 
Depression of the Filament of Maximum Velocity. , 

■ As in the case of a closed pipe, the resistance introduced by the solid 
boundaries causes the velocitv to diminish in the ueishbourhood of the 
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sides and bottom of an open channel, and from analogy with pipe flow it 
might be expected that the maximum velocity in any cross section would 
be found in the surface arfli at the centre of the stream. 

While this is commonly the case in a broad, rapid, and shallow stream 



in any other case the filament of maximum velocity is usually found 
below tho surface even with a down-stream wind. Its depth varies with 
the direction of the wind, with the depth and physical characteristics of 
the stream, and with the velocity of flow. On a calm day it usually lies 
at a depth between '1 h and ‘4 h (where h is the depth of the stream) and 
for depths above 5 feet, has a mean depth of about 'it h. 

Fig 146, taken from a gauging by Darcy of a rectangular channel "26 



metre deep and -8 metre wide, shows the general distribution of velocity 
over various vertical sections of a rectangular channel and also the equi- 
velocity contours in a cross section, while Figs. 147 and 148, shpw 
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the results of gaugings on the experimental channel of the Cornell 
University.* 

This is of rectangular section, with concrete eides and bottom having a 
elope of 1 in ^00, and has a width of 10 feet. Velocity ineasuroments 
were made in eight verticals in a cross-section hy moans of current meters. 

The curves in P'igs. 147 and 148 show the variations of velocity in a 
vertical plane in tyiucal of (fiiese expeiviuonts, each plotted point giving 
the mean of all eight observations at that depth in the cross-section. 

The effect of a large ratio of width to depth in raising the filament of 
maximum velocity is evident from a comparison of the curves of 1* ig. 147 



ancf of Fig. 148, while the effect of an increased velocity of flow in raising 
the filament is evident from a comparison of the several curves of Fig. 148.1 
' The.depression of this filament of maximum velocity is mainly due 
to the action of the sides of the channel. Frictional losses at the sides 
reduce the energy and thus the head of the water in their neighbourhood, 
with the result that the surface level at the sides is lower than near the 
centre of the stream, and the cross-sectional profile of the water surface 
,8 a curve concave to the bed. Owing to this super-elevation of the' 
water near the centre and to its tendency to find its own level, transverse 
currents are set up which travel downwards near the centre of th6 
stream; outwards along the bottom to either bank, upwards along the 
sides, and, for permanence of ‘regime, inwards along and near the surface. 

I 'b;. 8, Geological Survey. Water Supply and Irrigation Papers, No. 9B, pp. 76 and 77. 
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Since the inward surface drifts consist of water which has travelled up 
the sides and has come from the region of minimum velocity, they will 
evidently have the effect oPreducing the surface velocity and of depressing 
the filament of maximum velocity. 

The sketches in Fig. 149 a and li show respectively the directions 



.a. 




FlO. 149. 


of the transverse currents, and of the resultant motion of the stream, the 
full lines a'a', ua, in Fig. 149 h representing the direction of the surface 
currents, and the dotted lines h'h', uii, those of the bottom currents. The 
presence of such currents in channels of various sizes has been 
experimentally demonstrated by the author.^ 

In addition to this action of the sides, any retardation of the flow 



2 4- B a to u t* 

VhdLh-fi. 

Fiq. 1.W. 


being more marked over the central and swifter portions of the stream 
tends to increase the super-elevation of the central surface and the 
formation of these transverse currents, while an acceleration of the flow 


* I'roc. Roy. Soc-j A*, yol. LXXXll., 1909, pp. 149—139< 
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tends to reduce them. The author’s experiments however indicate that 
for any such non-uniform flow as is likely to be experienced at a gauging 
station, the influence of the sides is the all-important factor. 

This theory explains why, as is found in practice, the depth of the 
filament of maximum velocity, and, as will be seen later, also that of 
mean velocity'in any vertical, 

(a) is greater as the influence of the sides increases and hence as the 
ratio of depth to width of the stream increases. 

(5) is less as the roughness of the bottom increases, since this rough¬ 
ness retards the trans¬ 
verse current without 
having any compen¬ 
sating effect. 

(a) in the case of a • 
rectangular channel, 
is greater nearer the 
sides. 

It also explains why, 
on measuring the velo* 
cities across a hori¬ 
zontal in a stream, 
two points of maxi¬ 
mum velocity are often 
found, those being one 
on each sidp of the centre as s^hown in Fig. 1.50, which is taken from a 
gauging of the Cornell channel.' ’ 

The effect of the wind on the curve of velocities in a vertical is indicated 
iinFig. 151, which shows the curves 

(a) with a strong up-stream wind. 

' (6) with no wind. 

(c) with a strong down-stream wind. 

It is found that although both the magnitude and position of the 
filament of maximum velocity is affected, that of the filament of mean 
velocity (m in Fig. 151) is sensibly independent of the state of the wind. 
The probable explanation of this is that an up-sfeeam wind banks up the' 
head waters and so increases the surface gradient of the stream, thereby ' 
increasing the velocity of flow over its lower portions to an extent \ ybie b 
Bompensates for the reduced velocity of the surface layers. 

From 0. S. Oeol. Survey, Water Supply Papers, No. a.I, pp. 73 and 7i. 
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Uean Velocity in a Vertical. 

Actually the position ot the filament of maximum velocity in a vertical 
is not of great importance.* That of the filament of mean velocity, which 
is at a greater depth, is however very important in stream gauging, since, 
if it be known, the operation of gauging reduces itself to tlie measurement 
of a single velocity at this depth in each of a series of verticals distributed 
across the stream.' 

The depth of the latter filament varies from about 'Sh to ‘Ih, having 
the former value in a wide and sliallow stream of depth less than about 
2'0 feet, and the latter value in a smooth wooden or cement channel 
whose depth is approximately one-half the width. In the great majority* 
of cases in practice it lies between ’SS/i and ‘fiS/t increasing with the 
depth and diininisliing with the roughness of the channel. An (lamina¬ 
tion of a large number of river and canal gaugings by members of the 
O.S. Geological Survey ' leads to the following as the most probable 
values of its depth. 


Condition of beil. 

Very rough wilh 
boulders. 

Large gravel and 
small boulders. 

Dqilli of strciim, feet . , 

1 

1 

2 

1 

a 

lo 

\ 

4 

to. 
G 

G 

U) 

10 

ah(tve 

10 

0 

to 

2 

•51 

2 

to 

4 

4 

lo 

G 

G 

to 

10 

above 

10 

depth filament of me.an vcl. 
depth of Htream. 

•oO 

•iJll 

■59 1 

•G3 

•G7 

•r.8 

•02 

•06 

•69 


Condition of bed. 

Small giavcl and 
sand. 

Very smooth 
wood or cement. 

Depth of stream, feet . . , 

0 

to 

2 

2 

to 

4 

■CO 

4 

to 

6 

•G5 

G 

to 

10 

aliovu 

10 

0 

to 

2 

2 

to 

4 

4 

to 

6 

6 

to 

10 

above 

10 

Po*{rt depth of filament of mean vol. 
depth of aticaua 

•.->7 

•G9 

•71 

•01 

■G5 

•0.8 

•70 

•72. 


Generally speaking, the velocity at six-tenths depth in any vertical 
will give the mean velocity in that vertical within 6 per cent, except in 

‘ U. 8. Oeol. Survey, Water Supply and Irrigation Papers, No. 95. 

H.A. 
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abnormal cases, while the mean of the velocities at two-tenths and at 
eight-tenths of the depth may also be relied upon as giving the mean 
velocity within narrow limits. 

The velocity in a vertical is least at the bottom, the ratio of bottom 
to mean velocity ranging from ‘C to '9. It usually lies between ’T!) and 
•85, but varies widely in a short interval in the s ime stream. 

The ratio of the mean to the surface velocity in a vertical also varies 
within somewhat wide limits and depends largely on the direction and 
force of the wind. On a calm day it lies between '80 and '90, dimin¬ 
ishing with the velocity of flow, with the roughness of the channel, 
-and with the ratio of breadth to depth. While usually inadvisable to 
use the surface velocity in computing the discharge of a stream, it is 
sometimes impossible, in time of flood to make any other nuiasure- 
ments. Under such circumstances the surface velocity, multiiilied by 
•85 will give the moan velocity in a vertical with a fair degree of ajjproxi- 
mation- 

The ratio of the mean velocity over the whole section to the maximum 
surface velocity varies considerably with the depth and state of the 
channel and with the direction of the wind. On a calm day it usually 
lies between •60 and ^85, incre.ising with the depth of the stream. In 
a gauging of the Rhino-depth 6 to 19 foot-- its value was -73 while 
Harlacher obtained the same value in gauging the Elbe - depth 4-7 feet. 
Gaugings of the Eger at Eafkenau (•(>‘2 to D1 feet deep) gave a value of 
•68. The following values of tl^ ratio are deduced from Bazin’s formula 
(p. 342), by jvHting v — C V m sin. 0 and by giving C its appropriate 
values. 


Hydmnlic Moan 
' ' Depth of Suction. 

Mateiial of Jted. 

1 

I'laiied Planks, 
Cement, etc. 

llrickwork. 

Rubble Masoury. 

Eai'th. 

DO feet 

•85 

•83 

•77 

•65 

2-0 „ 

if 


•79 

•71 

8-0 „ 

a 

ti 

, -80 

•73 

4-0 „ 

it 

a 

•81 ■ 

•75 

5’0 „ 

it 

a 

a 

•76 

■ 6-0 „ 


•84 

a 

•77 

100 „ 



•82 

•78- 

20-0 „ 


tt 

tt 

\ 

•8Q 
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In a very shallow stream the vortical velocity curves approximate to 
straight lines, and in this case the- moans of surface and bottom velocities 
give a close approximation 1 ,;) the mean velocity. 

The main results of a larg(! number of river gaugings by members 
of the U.S. Geological Survey are given below.* 

Here the symbol S means san ly ; (i gravelly ; 11 rocky; B boukbrs. 


Uivrr. 

Auiiroxt- 

aiiit'i; 

of 

Coi'llien'iit Cor nMiiicint; to 
niruii vflocity 1)1 liny \4*1 Licul 
till* vtil. obsoited at 
following' lioiiits. 

per ci'iit 

III i|p|ii li 

III IvIlH'll 
Uilrjltl of 
IlllMh Vl‘l 

IN louml. 

r’harader 

III 

liotloui. 

Sis- 

tnildi.s 

lit'pth. 

Mi‘.i>i oC 

to|iatiil 

hottmii. 

To,, 

lox, \'a. 

ir,o 

I !l 

l-nn 

Ml 

•SI 

Cl-:. 

s 

.lames, Vu. . 

s.*>n 

.Tfl I 1 

1-(U 

1 ns 

•ss 

•M) (i 

y 

Uoanoke, Va . . 

1 lu 

i-s - 

•i»n 

1 ni 

•si 

(in-l) 

K and S 

Stamifoii, N . 

KMI 

2(1 (in 

•ik; 

1 12 

•D.") 

(M 7 

ii and y 

Dan. N.(^ . 

<;ni) 

11 :\-7 

•‘.Ml 

l-nl 

•Sli 

(il (i 

y 

Dan, Va. . 


!) s 

•ns 

] ni) 

•1)0 

fill’d 

s 

Hwldio. N.C. 

.s:> 

1-7 2.“ 

1-02 

•1»7 

•sn 

r.7-7 

s 

Yadkin, N.C. 

KM 

2 7 - (id 

•:»() 

M2 

•1)1 

(i(;-.‘. 

S and n 

Va<lK.iii, N.<\ 

i:>n 

i-n ii;( 

1-02 

1 0(1 

•SI 

ri:)-2 

S and R 

CatiiulKi, N.{:. . 


1 s - :»n 

I-(I(I 

1-ni 

•S2 

(in-i; 

S and U 

(^itaid>a, N.(!. 

2(ii> 

(Ml - 7-n 

l-nn 

l-nS 

•S8 

.^8-.‘. 

M 

(’ataiilia. N 

1K» 

:\-r> 

l-nl 

iiir, 

•8n 

:>!)•() 

s 

Watei'oc. S.(l. 

;kin 

I2-:{ -17-7 

1 nl 

Md 

•no 

TiK’I 

M 

liioad, S (.1.. 

.■(M 

h n - K 

•sm; 

I 

•8'.) 


M and S 

Saluda, S,(l. 

SlM) 

:in-- 8 :> 

•1)7 

l-n;t 

•S2 

ii2 2 

H 

Little 'iVnnes'ifo N.< '. 

|‘>(M 

:h,- (i-o 

l-o;i 

]-0(> 

■K\ 

r.8-7 

B 

Noliclmcky, TiMimsH c 

;{iM 

KO- .G-l 

102 

1-02 

■SO 

61)-1 

B 

Fidikill, N.V. . 

i)0 

2 - 

I'jiisr, 

— 

•71) 

.‘iS-7 

a 

AVallkdl, N.Y. . 

l:to 

;t 17 

•DS 

... 

•sr, 

iV.VJ 

s 

Farad Flume, Cal. 

Ki-l 


•1)."> 

K25 

KOI) 

7(!'0 

Wood 

Cornell Canal 

KiO 

7-2 • 

_ 

— 

— 

(ir>-7 

(Mncrete 

M 11 • ■ 

K) 0 


— 

— 

— 

r.4-:i 

>1 


The ratio of the velocity at mid depth to the mean velocity in any 
vertical appears to vary very little, its usual value ranging from 1‘02 to 
1‘OG, increasing with the depth of the stream. A value of 1'04 may be 
relied upon as giving the mean velocity within 3 per cent, for all normal 
sections and velocities of flow. 

Art. 96.— Distribution op Velocity over a Vertical through the 
(?ENTEE OP the StREAM. 

In spite of very many experiments which have been carried out to 
determme the distribution of velocity, and of many attempts to formularise 
the results of such investigations, so many and so varied are the factors 

> 0. S. GeoL Survey, Water Supply and Irrigation Papers, No. 'J5, pp. 160—168, 
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which influence this distribution, that, ns might be,expected from the 
nature of the case, the formulae so far collected can only be considered 
as giving useful approximations to the required result, and this is more 
•particularly the case where the flow in a natural channel of irregular 
section is under consideration. 

By making one or two assumptions as to the circumstances governing 
the flow in an open channel,'a theoretical formula may be deduced, which,, 
while only applying so far as tliese assumptions are justified, may still 
serve as the rational basis of a more exact empirical formula, for giving 

the distribution of velocity. Such a for¬ 
mula will now bo considered. 

Suppose the stream to be sensibly paral¬ 
lel ; of width which is great in compari¬ 
son with its depth; flowing steadily; and 
that the resistance to flow is due entirely 
to simple viscous shear, a state of affairs 
never exactly realised in practice. 

Let y be the vertical distance from, the 
surface, of a stratum of the fluid, 8 y the thickness, 8 1 the length, and {i 
the breadth of the stratum (Fig. 1.V2). 

The weight of this element of fluid = IF h 8 y 8 L 

The resolved part of this weight I _ jj. g g J sin 8 
in the direction of motion ) 

The difference of tractive Jp*rce on the upper and lower faces of the 

stratum = y .8.8 l.Sy, where y is the coefficient of viscosity (p. 67) 

and where v is the velocity of flow in the direction of the stream. The 
(ffesBures on the two ends of the stratum are equal since these are at the 
, same depth and are of the same area. Also since the stream is widi,. 
the variation of shear on the two vertical sides of the stratum may be 
neglected, as explained on p. 66. 

WhSySlHUi0= -y — .bBl.Sy 



W sin 6 


df 

d^ r 
di/ 


the negative sign denoting that the resultant shear force acting upon.the 

element is in opposite direction to the force W sin 8. 

Integrating this expression twice, we get 

„ , Ti W sin 8 o y.v 

v=zC + By - 


2m 
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If V, = surface velocity, i.e., where y = 0, C — v. 


V = V, B y — 


W sin 6 


r 




V = + 


i r sin g 
‘2 y, 

71V 


(y- 


2 W sin 0 2 n 


IV sin 0 / ' 
li’ sin 0 / 

I ?/ - 


r 

the equation to a parabola having a horizontal axis at a depth 


__7?V___ 

2 W sin 0 
7V 
IV sin 0 


Since 


(? J: 
(f 7/ 


B li 
V sii 
IF sin 0 


IF sin 0 


_ IF 8jn_0_7V ’ 

~ H 1 ^ IF sin 0 


we have -- = 0 , i.e., the velocity is a maximum where 
d y 


IF sin 0’ 


y = TT, ® ?7i 


. = 4 -1 


B^i 


2 IF sin 0 
, IF sin 0 o 


from (2) ami (4) wo have r,„ 


IF sin 0 , 

- J> = —- {yi 

Z U. 


■y?- 


(!!) 

(3) 


(4) 

( 6 ) 


If Cj, = bottom velocity, where y = h. 

Vi, = r, + 71/t - I’Vl'li from (2) 

*2 

... B ^ ft 

ft 2 ;<• 

7! = ?•, + -V-- —? . y -I-(ft 7/ — if). (6) 

Also t! — 7)1 = 7? ( 7 / — ft) -f 


= {2 7y,(7/-ft)+(ft^-7/^) } 

2 /X ‘ ' 

. IF sin 0 , , , 3 

• Z f* 

While different observers have deduced different forms for the vertical 
velocity curve, the parabola with its vertex either in or below the snrf7»ce • 
appears to fit the majority of cases fairly well. 

The foregoing analysis is therefore interesting, as giving the correct 
form of curve. 
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Bazin, experimenting on a stream having the maximum velocity in the 
surface, obtained 

(mrti) ” ^ mean ” 4 /ll BIO 0 

»«(».« — Vi = 10-87 V m sin 0 

— «•’(, = 30-27 V m sin 0 

tlie general equation being 

/ \ 2 

V = — 36-27 V m sin 0 ^ j _ 

Here is the mean velocity over the whole section, and m is the 
liydranlic mean depth, llie dimensions being taken in feet and the velocities 
in feet per second. He also states that wherever the position of maximum 
velocity, the relation 

Vmiix — Vi = 36-27 V m sin 0 

holds true. In the vertical plane containing the filament of maximum 

velocity, we have from equation (7) 

n,. -.r, / - -"-Ti IP sin 6 ,, 

86-27 V m sm 0 - ^ {I* ~ ?/ii^ 


Substituting the value of - ’’'P ^ thus found, in equation (6), when the, 

2 n 

maximum velocity is below the surface 


■ = 86-27 sin 0 


{!<■ — .’/i( 


a formula which gives fairly accurate results in practice. 

Eankine states that tlio max^^num, mean, and bottom velocities may bo 
taken as bohig in the ratio 5 : 4 : 3 in ordinary cases, and in the ratio 
4 ; 3 : 2 in very slow currents, and'these ratios may be taken as being 
approximately correct for streams and rivers of moderate size. 

Velocity at Mid-depth. 

•, From equation (5) of this article, we, may obtain the mean velocity 
over any vortical by integrating the sum of such terras asv By over the 
vertical, and by dividing this sum by its length h. Thus 




IF sin 0 
2 n 


in - Ilf d y 


IF sin ^(1(2 , , 

= - 2 ^ Wf — 'i’in + y 


while from (5) we may obtain the velocity at mid-depth, i.e., wliere 

h 

y=-,- 
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Thus ■ 


^ max ■ 

» 


TFf^in^lh^ , , o 


*■«. —v = 


IP sin g ;(=» 
24 fi 


from which, by determination of the mid-depth velocity, the mean 
velocity may be determined. 

In general the mid-depth velocity is from 1‘02 to I'OO times the mean, 
and from ‘Dd to '98 of the maximum. 

If 5/ bo the depth at the point having a velocity equal to the mean, we 
have, from equations (5) and (9) 

g -h 2/1 + yi’’ = I yi - 2/ p 






• /< yi + yi’. 


Putting 2/1 = '2 h this gives y = ■(i2 h. 

,, 2/i — ^ P it it 1/ “ 85 /i. 


Anx. 97.— Peemisbiui.e Yklocity in Open Channels; Erosion and 
Deposition op Silt. 

Water in motion exerts an erosive or scouring action on the bed and , 
sides of the containing channel, and the maximum permissible velocity 
thus depends on the nature of the bed. 

Particles of matter once disturbed, may be transported either by being 
rolled along the bod of the stream or by being carried in suspension, and 
for each material a certain critical velocity must be attained, depending on 
its size and specific gravity, before this is set in motion. Once in motion, 
however, the velocity may be reduced somewhat below this critical value 
before the material is again deposited, as is indicated (p. 344) by the 
results of experiments by Duluat^ on transportation in small woods® 
channels. 

While the erosive power of water varies as the square of its velocity, 
its transporting power, or the power to move boulders, etc., which may 
lie in its path, varies approximately as r®. This may be seen if we con¬ 
sider that the force exerted by the stream on any body is equal to the 
change of momentum produced in the stream passing tlie body, and since 
the area of that portion of the stream affected is proportional to the 
sectional area, a“, of the body, this force will be equal to K a* lbs. 
The force resisting motion is that of the friction of the body on the 


' Prineipra d'Jlydmulique, Uiibuat, Paris, 1810 , 
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bottom of the stream and is proportional to its weight, and therefore to 
its volume a®. 


Material. 

1 

Bottom Velocities, in ft. per sec., at which 

TranspuV alien 
Begins. 

Material is in 
Equilibriinn. 

Deposition 

Begins. 

Coane sand . . . . | 

1-07 

■71 

•62 

Qravel— 




Size of pea . 

•71 

•62 


„ small bean 

1-56 

1-07 

•71 

ShiHgk—TonnM, one inch or 




more in diameter 

3-2 

2^14 

1-56 

flints—Size of hen’s egg 

4-0 

3-2 

2^14 


Equating these forces, we have K r® a® = c a® 


a oc 
a® oc 


i.e., the weight of the solid m^jred is proportional to the sixth power of 
the veloicity. Obviously this only holds so long as the bodies are similar, 
the velocity necessary to move a sphere being much less than that to 
move a cubical block of the same weight. 

’^’Che size of particle moved by a stream over a smooth sandy bed is 

46 

given approximately by <1 = ~ —inci^los, where w is its density in 

lbs. per cubic foot, and v is the velocity in feet per second.' 

A stream which carries a certain amount of fine material in suspension 
has a greater capacity for transporting larger material than one which 
carries only the larger material. Experiments show that a stream will 
carry more than four times the weight of sand tof 4 to 5 mm. diameter' 
in. the presence of a certain weight of sand of '3 mm. diameter than in 
its absence.® 

While an excessive velocity of flow leads to erosion of the channel, a too 


1 Dr. G. S. Owens. May, 15, Iy08, p. 611. 

• Aewg, Kew Vork, vo\ 63,1010 (p. B80). 
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sluggish flow favours the growth of aquatic plants, while any change of 
velocity from high to low in a stream carrying material in suspension, 
causes a deposition of a pol-tion of the material, and a consequent silting 
up of the channel. In order to prevent deposit in small sewers or 
drains, a mean velocity of not less than 8 feet per second is necessary. 
For sewers from 12 to 24 inches diameter the velocity should not be less 
than 2’5 feet per second, while with larger sizes than this the velocity 
may he reduced to 2 feet per second. 

Mr. 11. 0. Kennedy,^ from observations on a large number of Indian 
irrigation canals, concludes that there is a certain critical velocity at 
which a long canal will maintain its channel in silty equilibrium. This 
velocity is given by = c h feet per second, where c has the following 
values 

Light sandy soil .c = "82. 

Coarse sandy soil. ‘90. 

Sandy loam. '99. 

Coarse silt. 107. 

'Where a main canal supplies or is supplied by feeders, the various 
depths and velocities of flow should l)e adjusted to suit this relationship 
in order that there may be no silting or erosion in the main or feeder 
canals. 

If V be any other velocity, and if q„ and q be the amounts of silt 
carried respectively at r„ and v. 

q — q„ ai)proxiniately. 

Taking c = "84, the following table shows suitable mean velocities of 
maximum flow for equilibrium of such channels in sandy soil 


Depth of channel (feet) . 

2 

3 

4 

5 j 

1 

1 

6 1 

7 

8 

Mean velocity (feet per sec.) . 

-•-- 

rs 

1-7 

2-0 

2-4 
!_ 

2*65 

1 

2-9 

8-2 


Ga7igtiillet and Kutter give the following as tho safe bottom and mean 
velocities, but slate that these are prhbably too small rather than too 
large:— 


> “ Proc. In«t. C.E.,” vql. 119,1874-5, p 281. 
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Material of Channel. 

Safe Bottom Velocity. 
Feet per Second. 

• 

Safe Mean Velocity. 
Feet per Second. 

Soft brown earth.... 

•25 

•33 

Soft loam. 

•50 

•cc 

Sand. 

1-00 

1-32 

Gravel. 

‘ 2-00 

2 -(il 

Pebbles. 

3-00 

8-9-t 

Broken stone or flint . 

4-01) 

5-58 

Conglomerate .... 

5-00 

(i-5(i 

Stratified rock .... 

fi-OO 

8-20 

Hard rock. 

10-00 

13-18 


Actually, as indicated by Kennedy, the safe mean velocity depends also 
upon the'depth. More recent work shows that at medium depths 
through firm loamy soil a mean velocity of 3'0 to S'S feet per second is 
safe, while with fine well-rammed gravel or loose rock this may be 
increased to from 5 to 7 feet per second. In a concrete-lined channel 
faced with cement, the maximum safe velocity with water which carrieb 
solid material in suspension is about !) feet par second. A higher 
velocity wears and roughens the bottom until the roughness thus 
produced reduces the velocity sufficiently to prevent further erosion. 
With an ordinary brick or heavy dry-laid rubble channel, the velocity 
should not exceed 15 feet pet^econd, any higher velocity necessitating a 
carefully-laid facing of heavy masonry with cemented joints. 


Akt. 98.—Gauqino of Flow in Stkbams and Open Channels. 

. Many methods are available for obtiyning the discharge of a stream, 
these differing widely in the accuracy of their results and the cost and 
difficiftty of their application. The method to be adopted in any case 
depends largely on the degree of accuracy required and on the size of the 
stream. 

The accuracy of a discharge measurement, whatever be the metho,d 
adopted, depends greatly on the physical characteristics of the stream at 
the point of measurement. If possible this should lie on a straight 
reach and away from the influence of a bend, the bed should be per¬ 
manent and not strewn with boulders, and the slojie and^ wetted 
perimeter such that at all stages of the stream the velocity at atl parte 
bJ the section may be easily measurable. .The banks should be sufficientdf 
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high to prevent overflow in times of flood, and the section should be 
outside the sphere of influence of bridge piers or mill dams. 

Where a high degree of dccuracy is demanded, as may be required in¬ 
determining the flow of compensation water from the supply reservoir of 
a waterworks, the best method is to deflect the stream and 
catch the whole discharge for a given time in a graduated 
tank. 

This can, however, only ho carried out in small stieams 
where a measuring tank of sufficient capacity to hold the 
discharge for about two minutes is available. In this case 
the error should not exceed 1 i)er cent. 

For larger streams, the most accurate method is that of 
gauging the flow hy placing a weir across the stream and 
allowing the whole flow to take place over this or over one 
or more triangular or rectangular notches, the former being 
used for small and the latter for fairly large streams. Where 
every ju'ccaution is taken as explained in Art. 59 this method 
gives results which may bo relied upon as being accurate 
within about 5 per cent. As a temporary measuring con¬ 
trivance, however, the weir is too cumbrous and costly to be 
applied to a river of oven moderate di'oensions, and where 
the discharge is great the only method of obtaining the dis¬ 
charge is to obtain as nearly as possible the mean velocity 
{v feet j)er second) of the stream, to multiply this by the 
cross sectional area (A square feet), and to get the discharge 
Q by the relation. 

Q = V A cubic feet per second. 

The value of v may be approximated to in many ways. 

(a) By using one or other of the fonuulae given in Art. 

85, a suitable coefficient being a))plied to take into account 
the state of the channel. The slope of the stream must 
then bo obtained by field observations. To do this a long 
straight reach of the river should be selected where possible, 
and the reduced levels of bench marks placed at each end 
of the reach should be olAained by levelling. The level of 
each bench mark should then bo transferred to a hook gauge- 
(Fig. 153) or measuring stall' placed in a gauge pit communicating with 
the bed of the stream through a pipe which opens out at a point away 
from any disturbing influences likely to lead to eddy formation. The 
difi'erence of surface level at each end of the reach can then be obtained. 


Fio. irii).— 
Hook Gauge. 
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The distance from end to end of the reach may be obtained by chaining' 
a line running as nearly as possible parallel to the centre line of the 
■river. Soundings should then be taken at shdrt distances apart at several 
cross sections of the stream, and these cross sections i)l()ttod. Prom these 
a mean value of the wetted perimeter and of the sectional area, and thus 
of the hydraulic mean depth, may be obtained, and the formula may' 
then be applied. During the whole observation period the stream should 
be ib a state of steady flow, and neither risipg nor falling. 

The method has the disadvantage that it is extremely difficult to 
measure the slope of a river accurately. Captain Cunningham as a result 
of some hundreds of slope measurements on the Ganges Canal,' found 
that the slope was very different at different points of a reach from one to 
two miles long, and varied by as much as 50 per cent, at different sides of 
the stream. An examination of the Mississippi'* showed that with the 
main body of water flowing south with a velocity of four to five miles 
per hour, the water near the shore may be moving north at a speed of 
one or two miles per hour. It was in fact not unusual to find a slope 
towards the south bn one bank and towards the north on the opposite 
bank. The slope then is so uncertain an element that no great accuracy 
is to be expected for any such formula, except possibly in the case of an 
artificial channel of uniform (jection. Under any other circumstances the 
results cannot be relied 'upon as being accurate within 25 per cent., 
and may under specially unfavourable circumstances, even with the most 
skilful .observers, be in error^y as much as 100 per cent. 

Wherever possible, then, the mean velocity should be obtained in some 
other manner. This may be done 

(V) By using a current meter or Pitot tube to give the velocity at a 
point gr series of points in a cross .section, and by deducing the mean 
, velocity from such observations; , 

' (c) By using one or other type of float, and by measuring the time 
riecessary for a series of these to traverse a given length of the 
channel. 

Before considering these methods in detail, a few general observations 
as to their relative advantages and disadvantages may be made. Expert-, 
ment shows that the motion at any point in S,n open channel is never 
steady and uniform, but suffers a series of pulsations, the periodic time 
of which may vary from a few seconds to two or three minutes. -■ These 
are doe to a variety of causes. Eddies formed at the sides and bottom 

■ “Proc.Wt. C. E,,” Tol. 71, p. 11. 

* Ucport on the Mississippi, Hnnyilircys and Abbot, p. 218. 
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drift away to every portion of the stream; snags and hollows in the 
bed, bends, and falls, all produce some (irregular) disturbance of the 
flow, with the result that life velocity at a point in the surface may vary 
by 20 per cent., and at a point near the bed by as much as 50 per cent. 
(Harlacher) in a short interval of time. 

In experiments on the St. Clair River (1899) the velocity-time curves 
showed two sets of waves, small ones of 15 to CO seconds amplitude and 
larger ones of 3 to C minutes amplitude. The range of velocities as 
found from the larger waves was in some cases 35 per cent, of the mean 
velocity shown by the meter reading taken over ten minutes. These 
experiments indicate that the pulsations are very limited in extent in a 
direction at right' angles to the current. The whole depth of the river 
is affected by them, although their effect decreases from the bottom 
towards the surface. 

It follows that a float, measuring as it does the velocity due to a single 
pulsation, may give results which are greatly in error, and the only 
chance of obtaining a fair estimate of the mean velocity over a single 
section of the stream is to take the mean of a large number—40 or 50— 
of the values given by floats. The complexity of the motion is very 
evident when floats are used. Of a series dropped into a stream at the 
same point, no two will trace out the same path, and as may be well 
understood when the multitude of observations necessary to give any 
pretensions to accuracy is remembered, this method though at first sight 
so simple, may easily prove the most expensive method of determining 
the discharge. With current meters, on the other hand, the mean 
velocity at any point may be obtained with great accuracy, provided the 
period of observation is sufficient to cover a series of the pulsations of 
velocity. Professor Unwin found that the mean time of successive 100 
revolutions of such a meter in the Thames, when plotted, gave a very 
irregular curve, while the mean times of successive 500 revolutions gave" 
an almost straight line. In general the time of a single observation should 
not be less than five minutes, a period of six to ten minutes being 
advisable. 

, This renders it essential that in order to avoid spending an excessive 
length of time in the field and thus running the risk of serious fluetua- 
tions in the water level, the discharge be found from single observations 
in comparatively few verticals, and that the ratio of the velocity at the 
depth chosen, to the mean velocity, be known from vertical velocity 
curves. This emphasises the importance of a thorough investigation 
of the relation between velocity and depth in a vertical longitudinal 
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plane, anti the jhange in this relation with any change in the state of 
a river. 

Am. 9!).—CuRUENT Meters. 


Meters in use at the present day may he divided into two classes. 
(1) those in which the revolving part carries a series of helicoidal vanes 

mounted on a htu'izontal 
axis, and ( 2 ) those in 
which a series of conical 
or hemispherical cups is 
mounted on arras, as in 
an anemometer, on a 
vortical axis. The former 
type is illustrated in Pig. 
1.54, which shows the 
Ainsler luetttr and in Fig. 
155, which shows the 
Haskell metitr, while the 
latter is shown in Fig. ICG, which illustrates the i’l'ice meter. The lattef 
type of meter has some ailvantages over the forimir in that friction is 
usually less since it practically all comes on one point which is easily 



Fl(’r. Anislor Current Melor. 


protected from any grit in the water, while in addition this typo will start 
in a current of less velocity than will move the other, and ycit will not 
revolve as rapidly under the sapie conditions of high velocity flow. 

The meter is fitted with if^guide vane which keejis its axis perpen¬ 
dicular to fire direction of the current. The wheel may be either geared 
to a counter which records the revolutions direct and is put into and out 



Fio. li)").—Haskell Cuircnt Me^er. 


of gear by means of a cord from the point of suspension of the meter,'or 
may make and break the contact in an electrical circuit at each revolu- 
Spn, thus enabling the number of revolutions to be indicated by means 
jf a cpunter or buzzer j)laced on shore or in a boat. The advantages of: 
Ihe latter method in reducing the resistance to rotation and the tendency " 
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to clog arc obvious, and the mechanically operated meter is becoming 
obsolete. 

The instrument is previsusly calibrated by towing at known velocities 
through still water, the number of revolutions corresponding to these 
velocities being recorded. It has the disadvantages that it cannot bo 
used where floating grass or weed is prevalent, and that it requires 
rating at frequent intervals. Puithor, it cannot be used at very low 
velocities. The minimum permissible velocity depends on the type of 
meter, but in general varies from 3 to 6 inches per second. 

There are two methods of using the meter. In the first, the “ point ’ 



Fkj, —Price Current Meter, 

inetliod, it is held successively at certain points in a cross section. In 
a shallow stream this may be done by clamping it to a staff which 
is cari iod by an observer in waders, and which is hold vertically at the 
required points, with on? end resting on the bed of the stream. In 
deeper streams it is attached to a heavy sinker and is suspended from a 
convenient bridge or cable placed across the stream where possible, or 
from an outrigger fixed to an anchored boat where the width precludes 
this. When the “ point ” method is used, the meter may either be held, 
(1) at several equidistant points in certain equidistant verticals, the 
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mean velocity being deduced from these readings as explained later; 
(2) at six-tenths, or at mid-depth in a series of equidistant verticals, the 
mean velocity in each of these verticals then* being found by applying a 
factor; (3) at the surface, bottom, and mid-depth in a series of verticals; 
(4) at the surface and bottom only, or at two-tenths and eight-tenths of the 
depth in a series of verticals, in which case the mean of the two readings 
is talien as the mean velocity in the wrtical. While the first method is 
likely to give the best results in a steady stream, yet, as previously 
indicated, the length of time necessary to obtain the many observations 
is a serious drawback in a stream of any considerable size. 

In a large stream where it is impossible to see the bottom, owing to the 
impossibility of fixing the meter very near to tlie sides and bottom where 
the velocities are least, the results lend to bo too high. To obviate this 
the meter should not bo placed nearer to the surface than one foot. 

The mid-depth point is used because the factor, about •1)6, which is 
used to obtain the mean velocity is more constant for it than for any 
other point on the vertical; while the six-tenths point gives very approxi¬ 
mately the true mean velocity (>n the vertical. These factoi's are discmssi^d 
at further length on pp. 837 and 339. Observations taken at cither of 
these points are capable of giving excellent results. 

Method (3) was adopted by Moore in his gauging of the Thames.* 
Assuming the vertical velocity curve to bo a parabola, its area is given 

by the formula .1 = j j), r,, -f r-j |,/t being the depth, /', and /-(ithe 

surface and bottom velocities respectively. The discharge per second 
flowing between the two end verticals is given by 

= + A„) + Ai+ )-f2S(da+i5+ )lc.f.s. 

♦> 


where d is the breadth of tlie successive vertical strips; the first terra is 
the sum of the areas of the first and ]as\ velocity curves; the second term 
is four times the sum of the even sections; and the last term is twice the 
sum of the odd sections excluding the first and last. The total discharge 
is then obtained by adding the small volume flowing between each end sec¬ 
tion and the shore. On iiccount of the large variation in bottom velocity 
with a given mean flow this method is, howeves’, not to be recommended. 

• Method (4), in which the surface and bottom velocities are nieasurecl 
is. only advisable for very shallow steams. Experiments at Cornell 
.University show that the results thus obtained agree closely with those, 
jgiven by a weir if the bed is smooth or gravelly, the depth fr(^m '4 to 


‘ “ Proc. Inst, C. E.," yoL 40, p. 220. 
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I'O feet and the velocities from ’4 to 1'5 feet per second. For a gravelly 
bed the meter should he held with its centre from 8 to 4 inches above the 
bottom and about 2 inches* below the surface, while with a smooth bed 
each distance should be about 2 inches. With depths between 5 and 10 
feet, the mean of velocities '5 feet above the bottom and '5 feet below the 
surface gave results too low by as much as 30 per cent. In such cases 
the moan of readings at two-toiith. and at eight-tenths the depth gives 
good results. 

In the “ integration ” method, the meter is kept in motion during the' 
whole period of its immersion. It may either be moved uniformly from 
the surface to the bottom of the stream in a series of vertical lines; 
diagonally across from one side to the other, at the same time being 
moved from the surface to the bottom several times; or across the stream 
at a given depth. The recorded velocity is then taken as the mean 
for the particular vortical or for the whole section as the case may be. 
Although an- observation by this method can be carried out in consider¬ 
ably less time than by the point method, the results are not nearly so 
accurate. The velocity recorded being the resultant of the velocities of 
the meter and of the water is always higher than the true velocity, the error 
increasing with the speed of movement of the meter and also increasing 
as the velocity of flow diminishes. It is only to be recommended where 
a stream is rising or falling rapidly and where in conseauence the speed 
with which the observations can bo made is a great advantage. 

Simultaneously with the velocity observations, soundings should be 
taken from which the cross section of the stream may be obtained. In 
a nairow stream these should be taken at intervals of from 2 to 5 feet, 
while whore the breadth exceeds 100 feet, they should be taken at 
intervals of from 10 to 25 feet, depending on the roughness of the bed. 

Field Notes.—The following shows the method adopted for entering up 
field observations and computing mean velocities in the case where 
velocities are measured at several points on a cross section. 


[Gnugiiii' miidc .laniiary 23,1304, by H.S.D. Meter No. 349, on Dan Kiver, Madison, N.O. 
Gauge height; lieginning 2-10 Eect.; end 2-26 foot; river rising.] 


Dlftta^co 
from initial 
point. 

Doptli of 
Btroom. 

1 Doptli of 
ob8«rva« 
tions. 

Time in 
eeconds. 

i 

Total num¬ 
ber of 

molutioRS. 

RevolntionB 
])er aecond. 

Velority 
per eecond. 

Per nent 
of depth; 



lii 


600 


2-88 

17 



llEl 


580 


2-78 

33 

40 

0-3 



540 

^■bSk^I 

2-69 

50 




600 

470 

•94 

2-27 

67 



111 

600 

380 

•76 

1-88 

83 
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These observations are recorded for a series of verticals in the cross 
section. They are then plotted on squared paper, depths as ordinates 
and velocities as abscissiu, and a smooth curve is drawn through the 
plotted points, care being taken to give tlnnii as nearly as possible equal 
■weight if they do not all fall on a smooth curve. From this curve 
velocities are road off at top and bottom and at equal intervals of, say, 
each ’6 foot, and are sot down in ordfer. Thus from the above curve we 
get— 

0-0 ... r, = 2-90 2'0 ... iq = 2'2,'; 

0-5 ... n = 2-88 2-r> ... rt = 1-88 

1-0 ... ra = 2-77 iPO ... n = 1'81 

1-5 ... V:, = 2-58 

The mean velocity in this vertical is then computed from the pris- 
moidal formula for seven absciss® as follows:— 

= IS 1 '■» + ‘‘'ll + I ('U "F »'3 + ^'a) + 2 {r.j + (q)} 

In this case we have:— 

r, + r„ = 2-90 + LSI = 4-21 

1 O'l + ra + t-s) = 4 ] 2-88 + 2-58 + 1'88 } 

= 29'36 ‘ 

2 (ra + (- 4 ) = 2 (2-77 + 2-2o) 

= 10-04 

v„, = (4-21 + 29-86 + 10-04 ( 

= 2-42 - f.s. ^ 

The cross section having been plotted, the areas of the various com¬ 
partments having such verticals -as their centi-e lines may be obtained, 
,either by direct measurement by planimeter or by calculation, and the 
discharge calculated as follows — 


! 

Compartmont. 

Avoa of Bftction 
siinnre foci.. 

Moaii velocity, 
fftftt per aecoiid. 

j Discharge 
! v.Ls. 

1 

15-1 

1-32 

19-9 

2 

28-2 

1-97 

55-6 

8 

36-5 

2-12 

88-3 

4 

32-1 

2-56 ■ 

82-1 • 

5 

23-7 

1-99 

47-2 

,6 

13-5 

1-88 

_! 

17-9 


Total ... 311-0 c.f.s. 


■When the vertical velocity curves have been obtained the discharge may. 
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be computed somowliat more accurately by considering the discharge 
between any two such verticals as being represented by the volume of 
the solid having these curveifbounding opposite parallel sides as shown in 
Fig. 157. For example, the discharge between the verticals 2 and 3 in ' 
this figure is given by 

jj I rj /i2 -j- fj) /(g V Vi hi r,, /(g } c.f.s. 

where and rg are mean velocities in the verticals 2 and 3, and where 
hi and h,) are the corresponding soundings, gda being the distance between 
the verticals. The discharge between the two end soundings is then 
given by the sum of such terms as the above between these soundings 



To this must 1)0 added the discharge over these sections outside the end 
soundings, which is given by 

I I '■) hi X ofh + >'0 hr, X r,<fi } c.f.s. 

Calibration of Current Meters.—In rating a meter it is usually suspended 
from a car or a boat, and is towed with a uniform velocity through still 
water at a de])th of 2 or 3 feet. The length of a run varies from 100 to 
300 feet, with sullicient' of a stH''tiug run to attain a steady velocity 
before entering the measured length. It is moved in either direction 
from end to end of the run to elimimite the effect of a current in either 
direction, and the time of the run and the number of revolutions of the 
meter are recorded by means of a chronograph. 

The^range of velocities employed in rating should be those for which 
the meter is to be used, anR no attempt should be made to extend the 
rating table beyond its experimental limits. 

When in use the meter may either be suspended from a cable, in which 
case its axis is free to move about both a vertical and a horizontal axis, 
or it may be fixed to a vertical rod in such a way as to remove the second 
degree of freedom. Experiments, indicate that the same rating table is 
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not strictly accurate for the two oases, and that with a given velocity of 
flow the revolutions increase as the freedom of motion decreases.^ The 
difference depends on the type of meter, anil for velocities of 1 foot per 
second is usually about 2 per cent. 

A further source of inaccuracy, particularly with very low velocities of 
flow, is due to the fact that a rating carried out in still water is not quite 
socurate when applied to the same relative velocities in moving water. 


Velocity in feet per secouU. 

.1 2 .4 .5 .6 .7 .8 .8 1.0 1.1 1.2 18 lA 1 ..') 



Experiments^ indicate that the meter, particularly of the cup type, does • 
not indicate so high a velocity when dragged through still water as 
when held in a current, the difference varying from 1 to 4 per cent.J^ 
at a velocity of Hoot per second with different types of meter. ITie 
■differinje is about, 1 per cent, at a velocity of 2 feet per second. 

In calibrating a current meter it is usual to plot the curve cdpnectingr 
'velocity of current .and number of revolutions of meter per second. 1% 


• U. 8. Water Supply and-Irrigation Paper, No. 95, pp. 83—89, also p. 81, 







the majority of case's this is found to be of the form shown in Fig. 158'. 
At very low speeds the friction of the' instrument varies between fairly 
wide limits, but diminishes as the speCft increases. This causes the 
plotted points to lie more or less on a curved Une, but renders this 
portion of the calibration unreliable. At a 'certain critical speed of the 
instrument the friction takes a fairly constant value, and the curve 
becomes very approximately a straight line of the form 

V a n h. 

It is not advisable to use the meter to register speeds below the critical. 
This depends on the instrument, but is usually from 8 to fi inches pet 
second, and in general it may bo taken that on this account the meter is 
not a suitable instrument for the measurement of the discharge of a 
stream if the velocity over more than 15 per cent, of its area is less than 
6 inches per second. 

A form of current meter which is occasionally used consists of a flat 
circular plate which is rigidly attached by mea-ns of a horizontal arm to 
one end of a vertical wire, th(! other end of which is fixed. The wire is 
supported in bearings, and the free end carries a pointer which, working 
over a graduated disc, enables the angle of twist to be ascertained. 
In using the instrument, the pointer is adjusted to zero with the 
plate out of water and normal to the direction of flow of the stream. The 
plate is then submerged and the angle of twist necessary to bring it once 
more normal to the direction of flow is noted. 

Then if P = force on jdate in lbs. 

I = h'ligth of arm from centre of plate to centre of wire. 

/( = iir(',a of plate in s(jua.re feet. 
d = angle of twist of wire. 
r = velo(uty of flow of stream. 

Wo have P I = K 0, where K is a constant for any instrument and 
depends sohdy on the material, length, and radius of the wire. 

Also P = I'lo .1 (■■■* (approx.) the constant depending on the size of the 

plate, from which . 6. 

Even with a constant velocity of flow, however, eddy formation at the 
rear of the plate causes the value of P to undergo periodic fluctuations, 
and the difficulty in obtaining a true mean value for 0, and in keeping 
the plate normal to the direction of the stream, prevent this method from 
having any pretensions to great accuracy. The instrument is now 
practically obsolete. 
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Ant. 100.— Estimation of Ynoocirv iit Floats. 

These are liberated at a series of points in a long straight reach 
JCajitain Cunningham, from ex])ei-imonts on the Canges Canal* recom¬ 
mends that this length should not bo loss than 200 feet) and’ the time 
occupied in covering a measured distance is noted. 

^ Floats may be divided into four 
classes:— 

(1) Surface floats. 

(2) Sub-surface floats. 

(3) Twin floats. 

(4) Velocity rods. 

, I (1) Surface Floats.—These consist 

j I of any easily soon masses of light 

1 1 material, painted cork or discs of 

light wood for example, of small size 
so as to move along w itb, and register, 
;he velocity of the surface filaments. A series of trials are necessary to 
Jet the maximum surface velocity r, of the stream, from which the, ni(;an 
velocity of flow may be estimated from Bazin’s formullf_(p. 342). ft is 
preferable, however, to deduce the moan .velocity in ca ' of a number 
Tf sections of the stream from repeated obseiwations 7‘,f the surface 
velocity in each of these sections. The sections may be marked in a 
stream of moderate diinei^ms by ropes hanging from a bridge or 
temporary support. 

In a large river, observations with the theodolite are necessary to 
determine the track of the float. This may be satisfactorily carried out 
as follows A base line A B (Fig. 1.')!)) is chained out parallel to the 
river for a length of about 250 feet,'depending.on the width of the river. 
At the two ends stakes are erected, while second staki's are erected in 
lines ranged perpendicularly to the base line, as at .S',. ^ 2 . An observer 
with a theodolite is stationed near the centre of the ba,so line at C, and an 
observer is stationed at each stake, ,S'i, ,S' 2 . The float being liberated up 
stream, the theodolite observer keejis the lino of collination of his instru¬ 
ment on this. As it passes the line of sight .S) .4, the observer at'Si 
gives an audible signal and the theodolite observer notes the angle 
A C Pi. On passing the line .S 2 B a second signal is given at the angle 
B G Vi noted. The line Px Pi can then be plotted. With a stream of 
moderate velocity the same observer may give the signals’^ both ^ 



^“Proceedings lust. Civil Engineers,” 1882, vol. 71, 
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A and B. The effect of wind on the surface velocity, however, together 
with the tendency of the floats to follow every variahlo cross current and 
to he affected by every surftice eddy, renders the results obfaiined by this 
method unreliable except as approximations to the truth. 

(2) Sub-Buiface Floats.—These consist of bodies having surfaces of 
largo area, as illustrated for example in Fig. ICO, attached to small surface 
floats for ease of observation, the length of connection being adjusted so 
as to allow the true float to remain at any given depth. The velocity of 
the float will then be approximately that of the current at the required 
depth. The figure shows the float used in the Connecticut Kiver survey 
in 1874. The sub-surface float was a hollow annulus of tin inches 
high, 8^ inches outside diameter, and 
inches inside diameter. This was 
weighted with 28 oz. of lead. The 
surface float was an ellipsoid of tin 
C inches in diameter and I'f) inches 
d(!n]i, the connecting cord being ’030 
inches in diameter. A series of such 
floats liberated at different points in 
the cross section of a stream and 
at difl’orcnt depths may he used to 
give by their mean velocity the mean 
"of that of the stream, or by arrang¬ 
ing a single row, the depth of each 
being ^ that of the stream at the 
point of introduction, those may he 
taken as giving tlio mean velocities 
in their respective sections. While this type is more reliable than the 
surface float it suffers from the disadvantage that it is impossible to 
determine the exact position or depth of the lower float, for while the 
position of the upper float may he known, that of the lower float varies 
with the direction and velocity of the wind and with the length of cord 
connecting the two floats. Also the upper float may either drag or be 
dragged by the lower, and the upper is on this account likely to retard 
the lower where the lattei is above the lilamont of maximum velocity, and 
to accelerate it when it is at a greater depth than this. As this latter 
effect extends over a greater proportion of the depth than the former, it 
would tend to make the velocities of flow recorded by the floats too 
high. Experiments made by T. G. Ellis, 1874, on the Connecticut 
Eiver (mean velocity 2'1 ft. per sec.) with current meters and with 
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double floats* showed that the mean velocity as found by floats wasi' 
from 6 to 26 per cent, greater than by meter, the difference increasing 
with the velocity. Marr—October, 1879, on'tbe Mississippi,^ the width 
being about 2,000 feet and the depth 16’4 feet (mean velocity 2’6 ft. per 
sec.) found the mean float velocity to be about 3'5 per cent, greater than 
the meter velocity, white Henry—1869—on the St. Clair River”—46 feet 
deep—and with a moan velocity of 8*4 feet per second, found the mean 
float velocity about 10 per cent, greater than, the meter velocity. In this 
case the float velocity was less than the meter velocity to a depth of 
about 7 feet. Below that depth the float velocity was the greater, the 
difference increasing with the depth. 

(3) Twin Floats.- These consist of two masses of equal sisie, usually 
spheres coupled together by means of a wire, the lower of which is 
weighted so as to remain vertically below the uj)per, which floats at the 
surface. The velocity of the float then gives the mean of the velocities at 
the surface and at the depth of the lower mass. If this is adjusted so as 
to just clear the hotloiu,the velocity of the float will he approximately the 
mean velocity tor the vertical in which the instruniont floats. 

(4) Velocity Sods.—The velocity rod, or rod float, consists of a light 
wooden rod or tin tube about 1 inch in diameter, and made in .adjust¬ 
able lengths. The lower end of the bottom length is weight(!d and the 
length adjusted until the rod floats vertically with its lower end clearing 
the bottom by a few inches. In a large river and where these are not 
likely to interfere with navigation, logs of wood about 12 inches in 
diameter,having their lower ends weighted with iron and their uppor ends 
painted white, may he used. 

The velocity of the rod is approximately the same as the mean over its 
3epth, and gives the mean velocity over the vertical in which it floats. The 
difficulty in using the rod lies in its tendency to drag over shoals and 
weeds, and to obviate this its lower end may be arranged to float at a 
height k* above the bed of the stream. 

For such a case Francis gives the empirical formula 

».„ = ,v(l 012 --116 V'j]) 

giving the mean velocity in the vertical containing the rod in terms of the 
Velocity of the rod /t', and h the depth of the stream. Here k* should 
be less than *25 h, ■ 

1 Report Cliiot Eng., tJ.S.A., 1878, Appendix B. 

* McKenKiu, A. Report on Current Meter Observations. Burlington, 1881. 

• " Journal Franklin Inst.,’’ voL 62, p. 322. f 
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Of all floats the velocity rod gives the best results, and for channels of 
moderate and uniform depth, encumherod with floating weeds and grass, 
this is prohahly the host mtthod of obtaining the velocity. In a series of 
experiments on the Loch Katrine Aqueduct; concreted surface; concave 
bottom : width h' 1"; radius of curvature 20' 10|"; hydraulic mean depth 
2'87 feet; velocity rods 2' 2" long, gave results which agreed within J of 1 
per cent, with results as obtained by weir measurement, while the velocity 
as obtained from the ma.'iimum surface velocity, and an application of the 
formula r = r, - 2.')'4 V m i, was 18 per cent, too low. 

An elaborate aeries of experiments was carried out in 1856 by 
J. B. Francis on the Ijowoll Canal' to determine the relative accuracy of 
weir and rod float uu^asurements, this canal being 27'75 feet wide where 
the fl)'st (i3 cxpcaiments woi'e made and 14 feel wide where the remaining 
52 wer(! made. The hiiigth of run was 70 feet, the floats hciing loaded tin 
tubes, 2 inches in diameter. From these it was found that the mean 
<di.Terenc(i in the diseha)'ge as obtained by the two methods was less than 
2 pel cent, in alt but three of the e,xporimentH, the mean difference being 
about 1 ))er cent. The mean velocity in these experiments varied from 
,'5 to 5 feet ])or second. 

Experiments in 1900 at Cornell llniversity" showed about the same 
degree of accuracy in the case of flow in a canal 16 feet wide and with 
depths of water ranging from 5 to 10 feet, and velocities of flow up to 
2‘07 feet per second. 'J'he immersed jwrtions of the rods varied from 
75 per cent, to 95 jier cent, of the depth of the stream, and the length of 
measured lun varied from 7 to 25 feet, depending on the velocity. In 
every case the float velocity was slightly less than that given by the 
weir. 

Other Methods of Measuring the Velocity. 

Akt. 101. - ItiiTLB Foumation. 

An ingenious method of obtaining the surface velocity at various points 
in the cross section of a stream was described by Mr. E. C. Thrupp 
(“ Proc. lust. C.Pj.,” vol. 167,1907, p- 217). This depends upon the fact 
that jf a small obstruction cut the surface of a stream, ripples are formed 
if the velocity exceeds about 9 inches per second, while the angle of 
divergence of those ripples appears to hear a definite relation to the 
surface velocity. To overcome the difficulty of accurately measuring this 
angle Mr. Thrupp constructed a velocity meter consisting of two vertical 

^ LowpU, Hydrfiulic Exporiments, p. 170. 

* “ Tiaus. Am«Soc. C.Ifi.,” vol. 12, p. 301. 
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pegs (J iron nails) at a known distance d indies apart, with a scale for| 
measuring the distance from the base line of the jioint of intersection of' 
the ripples formed. Calling this distance I (Fig. 101), the following 
equations were found to give the surface velocity in feet per second. 

For (I = 0",)' = '40 -|- '200 L 
„ d j= 4", r =^-40 + •2H0 1. 

With d = 0" and with a velocity of ‘8 feet per second the value of I is 
about 2 inches, while with a velocity of 3*6 feet per second, I is 15 
inches. 

This method would appear to be capable of results at least as accurate 
as those obtained by the use of surface lloats, and possibly more so because 
of the greater possibilities of accuracy in tbe determination of the area of 

the stream at one definite cross 
section. 

The Pitot Tube.—The velo¬ 
city at any point in the crostr 
section may also be estimated 
by means of the Pitot 'tube 
(Art. (18), p. 217. ‘ 

This method is not so well 
adapted for measuring such 
low velocities as usually occur 
in open channels as for higher 
velocities such as are more 
common in pipe flow. 

For small, shallow,and rapid 
streams it is, however, capable 
of giving fairly good results. Fig. 162 shows a tube, with positive and nega¬ 
tive pressure openings as used for the rating of such streams by the United 
States Geological Survey. This tube was rated in still water in a reservoir 
and in moving water, being placed for the latter rating at about 30 points 
in tbe cross section of a channel 1 foot wide and •() feet deep. The former • 
rating gave values of C in the formula V = C V 'ig h ranging from '855 
to ’87, with a mean value of '86. The velocities as found by this tub&from 
the still water rating, were invariably greater than were given by the moving 
water rating the average difference being 6’4 per.cent.^ This great difference 
is, however, probably due partly to the comparatively large disturbing 
effect of the tube in such a small channel, and partly to the impossibility, 
of taking measurements near the walls where the velocity is least) 

‘ Engineenng.Mews, vol. 63) No. 7, p. 17 J. 
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The Eydrometric Pendulum. — Where flow takes place through an uniform 
channel of small dimensions, and where the velocity can be initially 
determined by some accurate method, as by a weir, the hydrometric 


pendulum may be calibrated so as to record this 
velocity at any future time. The instrument 
consists of a pendulum having^ a submerged 
Spherical bob which is heavier than the water 
which it displaces, and which hangs vertically 
when the water is at rest. When in motion the 
pressure of the water causes the pendulum to 
take up an inclined position, the angle of inclina¬ 
tion being a measure of the velocity, and from 
a ])revious calibration, this may be read off 
directly. 

Measurement of Flow in a Parallel Conduit.—A 
ii.ethod recently devised^ for measuring the dis¬ 
charge from a parallel conduit consists in the 
provision of a light but rigid apron of canvas 
over a framework of angle iron, suspended verti¬ 
cally from a light carriage which runs on rails 
fixed on either side of the conduit. When 
lowered, the apron fills the conduit with very 
little clearance and is carried along with the 
same velocity as the stream. Its velocity is then 
measured by a chronometer and electrical con¬ 
tacts. This method necessitates a conduit of 80 
to 100 feet in length, and has been applied to 
conduits up to 20 fi'et wide and 12 feet deep, for 
the measurement of the water jmpplied to tur¬ 
bines under test. 

Art. 102.—-Stream Rating Tables. 

The usual object of velocity measurements in a 
rivtB' is the construction of a rating table, which 
shall show the relation at a given point between 



Fig. 1G2.—Pitot Tube for 
Steam Katiug. 


the height of water, referred to some permanent bench mark, and the 


discharge of the river. In order to prepare such a table it is necessary to 
obtain the discharge at various stages of a stream, covering the usual 


1 By Prof. E. Andersson of Stockholm. See Zeitschrijl dei Vereini DeuUcl^r IngenitiMr^ 
AprU 20, 1007. 
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itlige of fluctuation. Usually the data are embodied in the form of a 
ating curve, showing graphically the relationship between discharge 
md height of surface level. The length of time cluring which such a curve 
lan be safely applied depends on the class of channel. Where the channel 
B constantly shifting it cannot be used for many months unless the 
lOundings are frequently chpcked with reference to the original datum 
evel. 

Aet. 103. Gauging of Ice-Covbebd Stebams. 

When a river is ice hound its flow heconies somewhat similar to that in 
I closed flume, the water now flowing under pressure. A series of 
Measurements of such streams by members of the U.S. Geol. Survey* lead 
io the following conclusions: 

(1) The maximum velocily occurs at a point between S.*) per (icnt. and 
10 per cent, of the d(!pth measured from the underside of the ice. The 
:atio of mean to maximum velocity ranges from about '80 with a dejith of 
3 feet to •92 with a depth of 1() feet, having a moan value of '8.5. 

(2) There are two points of mean velocity on a vertical, the first lying 
between '08 and ‘013 of the depth, and the second hetw'eon '08 and ‘Tl ot 
the depth. 

(3) The vertical velocity curve becomes more concave as the river rises, 
owing to the increased head. 

(4) In making gaugings of ^ucli streams the vertical velocity curve 
method,.or tlie integration n^thod, should be adopted in preference to 
any of the single-point and co-efficient methods. 

Examvlks. 

(1) A •canal whose depth is 4 feet, having slopes 2 to 1, has a bottom 
tridth, of 10 feet. The bed is of earth (Kutter’s N = •02.'5), and the 
gradient is 1 foot per mile. Determine the discharge in cubic feet per 
second. 

fllydraulic mean depth = 2^58 feet. 

Answer 16’= (18-8. 

vDischarge = lOO^.*) cubic feet per second. 

■ (2) A rectangular flume 4 feet wide and 2 feet deep is roughly con¬ 
structed of unplaned timber, and is rerpiired to deliver 80 cubic feet of 
VAter per second. Determine the necessary gradient, and assuming it to 
supply 'water to a power station distant 5 miles from the supply reSiervoir, 


I Water Supply and Jrrigation Paper. No. 95, p. 158. 
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determine the percentage lo^s in transmission if the difference of level 
betwMn the supply reservoir and tail race is 500 feet. C — 127'6. 

Answer. Gradient 1 in 162‘9. 

Loss of energy = 32'4 per cent. 

(3) A flat-bottomed channel is required tc have a constant velocity of 
flow for all depths of water. Thew bottom breadth is 5 feet. Determine 
the depth at a section where the breadth is 20 feet, if the hydraulic mean 
depth is 1'25 feet. C = (iO. 

Answer. 4'85 feet. 

(4) The original depth of a wide stream is 3 feet, and the slope of its 
bed is 1 in 1,000, the value ofy'being 'OlSl, C = 70. Adam 10 feethigh 
is erected across the stream. Determine the rise in the water level 
immediately behind the dam and at points ^ and 1 mile up stream. 
(Assume the coefficient of discharge for the dam to he ’560.) 

Answer, llise behind dam = 9 28 feet. 

„ J mile up stream = 6'87 feet. 

1 = 4-04 

(5) Tt is required to excavate a canal out of rock to bo of rectangular 
section and to bring .'iOO cubic feet of water per second from a distance of 
4 miles with a velocity of 7J feet per rocond. Determine the gradient and 
the most suitable section for the canal. Talce C = 150. 

Answer. Section 11’54 feet wide, 5'77 feet deep. 

Gradient 1 in 1,166. • 

(6) In carrying out field operations to determine the discharge of a 
river, a straight reach 600 feet long is available. The slope is approxi¬ 
mately TooOo* and the levelling is possibly accurate within foot. The 
possible error in determining the wetted perimeter is 8 per cent., and in 
determining the mean setdionar area is 6 per cent. To what degree of 
accuracy are the final results likely to approximate. 

Answer. Witrun about 13^ per cent. 

(7) The value of / for a stream having a slope of is '0050. 
Normally, the stream is of depth 4 feet and breadth 60 feet, but is passed 
through a sluice having an opening feet deep. Determine whether the 
conditions are such as to lead to the formation of a standing waVe, and if 
so determine the probable height of the crest of this wave above the upper 
edge of the sluice. 


Answer. Yes. '93 feet. 



CHAPTER XL 


impact of Jtts on Stationary and'Moving Vaups—Distribution of Pressure over Plate- 
Graphical Construction to determine Pressure on a Vane—Centre of i'ressure on Vai»e— 
Compounding of Jets--Kesislancc of Submcrgeil 1,’lane Surfaces—Rudder Ad ion- 
Resistance of Submerged Boilics—Resistance and Propulsion of Ships—Jet Propulsion. 

Art. 104.—Impact of Jets. 

When a steady jet of water impinges on any solid surface there is none 
of the rebound which follows the impact of two solid bodies. Instead 
of this, a thin stream is formed which glides along the surface until it 
reaches the boundaries, when it leaves approximately tangential to the 
surface. 

In theoretical discussions it is usual to assume that the sheet of water 
leaves the surface tangentially. Actually the action is similar to that 
indicated in Fig. 103, where the dotted lines indicate the true path of 
the sheet. 

This digression from a straight path is due to the force exerted by the 
surface tension of the film of water clinging to the outer periphery of the 
plate. It may be reduced by making tbe edges of tbe plate extremely 
thin, and is of less coiisequrffce as tbe velocity of tbe issuing stream 
is increased, and as the inertia of the water becomes, in eonsequence, of 
greater relative importance. 

^^Vhen the initial and final directions and velocities of an impinging jet 
are known, the pressure which it exerts on the surface in any direction 
paay be calculated by equating this pressure to the total change of 
momentum of the jet per second in this direction. 

It is important at this stage to difiefontiate between the “ absolute ” 
and “ relative ” velocities of a jet. Thus, if the jet be projected from a 
fixed nozzle and strike a moving surface, its velocity may be considered 
from the point of view of a person standing by the nozzle and who notes 
its velocity relatively to the earth, or from that of a persoji moving with,- 
the surface struck, and who notes the motion relative to this moving 
surface. The first person then notes the absolute, and the second the 
rrfative velocity of the jet. ' 

In ttie case of impact on a fixed surface the change of relative wlooity; 
it impact is identical with the change of absolute velocity, and 
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applying the equation of momentum either may be considered. In any 
other case, however, the change of momentum must be measured by 
the change of absolute aJld not of relative 
velocity. ’ 'i\ 

If friction be neglected and also losses due 
to shock, the velocity relative to the surface j| 
will be unaffected by the impact.*’ Also, the 
pressure exerted on the surface at any point ^ [ 
will be in the direction of the normal at that ^ | 

point. On these assumptions we may consider _' 

the following cases:— ^_ 

(1) Normal Impact on a Stationary Plane Snr- f 1 
face (Fig. 163). ^ 

Lot .1 = Boctioiial area of jet in square feet. ^ 

)’ = velocity of jet in feet per second. Jii 
Then the weight of water impinging on ji 
the plane poi- second = IF A r lbs., whore 
TF is the weight of 1 cubic foot of water. 

The initial momentum of this per second normal to the plane 
IF A 

= -- - ft. lb. units. 

U 

Since the final velocity is tangential to the plane, the final momentum 
normal to the plane = 0. 

.'. Change of momentum per second normal to plane = —. 

Normal pressure on plane 

_ \Y 

^ angle which the 

yAg \ I sheet of water makes with the 

^—A_plane of the surface on leaving, 

~ i|. the final velocity per second nor- 

j^/y ^ mal to the plane = v sin 0, and 

^y the momentum in this direction 

Nil. _WAv^,_„ 


The change of momentum 
per second and therefore the pressure normal to the plane is now 

WAr^,. . .... 

■ - (1 — sin a) lbs. 

■ 9 
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(2) Oblique Impact on a Stationary Plane Surface (Fig. 164). 

Assuming the jet to be of the same width as the plane and to be pre¬ 
vented from spreading sideways by flanges, pfirt of the stream will escape 
from each end of the plane. The sectional area of each'of these streams 
can be calculated by expressing the fact that the change of momentum 
parallel to the plate is unchanged by impact if friction be neglected. 



Suppose the jet of unit width and of area I, the thickness of the discharge 
streams being k and 

“•('Let ^ he the (acute) angle between the diroetion of the jet and the 
plane, v the velocity of the jet. 


Then initial momentum parallel to plane = 


wty 

<1 


coe if 


and final momentum parallel to plane 

.'. tcoa 6 = t 2 — h 


Wv‘^ 


{k ~ k) 


But 


•» .Also 


t = k-\-k 


ti _ 1 — co s 0 
ta ~ 1 + cos ^ 


, i.e., k > b’ 
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Again, the initial momentum, in a direction perpendicular to the plane 
IF t. 

— --. sin 0, and the final momentum in this direction = 0. 

W t 

Normal pressure on plane = —--— . sin 9 lbs. 


•. Pressure in direction of jet — 


. sin ‘■‘0 lbs. 


Impact on Stationary Curved Vane (Pig. 165). 

If the inclined plane of the previous case be fitted with ends curved so 
as to deilect the escaping striiams into directions making angles a and |8 
with that of the jet, the pressure on the vane in the direction of the jet 
will be increased or diminished according as a and j3 are greater or less 
than 90°. 


As before 


,. = ,(> -««"«). 


The final momentnm per see. in ) 
the direction of tlie ’et I 


.'. Cliange of momentum per see. ] 
in this direction, by impact j 
.•. Pressure on vane in direction of jet 


V I ti V cos a -f fa cos 
I fi cos a + fa cos /3 } 

II'r^ 

-jf — fi cos a —fa cos)3} 


cos g + cos_^ _ cos 6 (cos /3 — cos o) 


“ r _ a 

This is a maximum when 
a = 180° and ft = 180", i.r., 
when the discharge is returned 
parallel to the jet, and then has • 

2 jp 

the value -- f lbs. In this 
0 

particular case, as whenever 
1 = ft, the pressure is indepen- 
ient of 0, the angle of impact. 

(3) Impact on a Surface of Eevo- 
.ution Symmetrical with respect 
» the Jet (Pig. 166). 

Here let a = angle of deflectipn of jet 
H.A. 
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Then the hiitial momentum per sec. in _ 

direction of jet fl 

' W A 

Final momentum per sec. in this direction = —:— . cos a 


<1 

WAr\, ,,, 

-— — (1 — cos a) lbs. 
0 


Change of momentum per sec.' = 
pressure on surface in this direction 
This is a maximum when cos a is a minimum, i.c., when a = 180°, as 
in the case in a hemispherical cup. 

Here the pressure - - -lbs. 


Art. 105.— Aciuai. Force or Imv.^ct. 


In practice, with flat or recurved vanes, the pressure actually obtained 
is always slightly less than that given by the above formulae. With 
normal incidence on a flat jdane, as previously explained, the discharging 
stream is always slightly inclined' to the plane and possesses some 
undestroyed momentum in that direction. This, too, however large the 
plane (within practical limits). If the plane is too small so that the 
direction of the whole mass of water has not been completely changed 
before discharge, a further loss will occur. To obviate this the diameter 
of plate should bo not less Uian three times the diameter of the jet. 

In the case of a curved vane or of a plane with oblique impact, any 
change in the velocity of disej^ge affects the change of momentum and 
hence tlie force of impact. In every case the final velocity is reduced by 
surface friction and generally also Ijy loss of energy due to eddy formation 
in the mass of deful water at the point of impact of an unsteady jet. This 
liJtter loss is obviated when the jet strikes the plane tangentially and also 


when the jet has stream line motion. ' The total effect de))ends largely on 
the size and form of the vanes. Where these are arranged to deflect the 
jet through less than 90' the actual should exceed the theoredical pressure 
since these losses reduce the final momentum and thus increase the change 
of momentum. Where the jet is deflected through more than 90° the 
actual pressure is less than the theoretical, while with normal incidence 
the velocity of discharge only affects the force of impact in that the effee 
of surface tension in affecting the angle of discharge, is more marked a< 
this velocity diminishes. This latter effect is, of course, common to every 
.form of vane, but becomes of less importance as the angle of de"flectioi 
5 increases or decreases from .90°! 

On the whole, the ratio of actual to theoretical pressure Inay hi 
to become less as the angle of deflection is increased from 90° b 
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180" and to have itiniinimum value for the latter angle, while its value 
may 1 k! expected to hecoiue more nearly equal to unity as the velocity of 
impact increases. For let rj and i j be the initial and final velocities of 
the jet relative to the vane. Then neglecting changes of level at impact 
and losses due to eddy formation, we have, per Ih. (it the water, 

!i! = '[’I- -1- -/'i-i'”. 

iff 2 (/ ‘lyin' 

Where/ = coefficient of friction between water and vane. 

I = length of path of contact of jet in foot. 

HI = hydraulic mean depth of stream in contact with vane 
= thickness of stream, 

and where n is less than 2 for any but very rough surfaces. For such 
surfaces as are commonly met with forming the vanes of impulse 
turbines, » nniy be taken as l’8;i and/as •OO.'i. 

Also if /■] — r-i is small, as is usually the case, v may be taken equal to 
I, without sensible error 



and since the ratio 
of deflection 


actual 'pnissure 
theoictical pressure 


Cl 

>1 


this equals 


1 



ll... \ 

2 III •r'*-" I 


1 — cos a 


— ('2 cos a 

— I'l cos a’ 


where a = angle 


(approximately^ 


an expression which diminishes as a (Pig. l(i(5) increases from 90" to 180°, 
and which increases, for values of u between those limits, as r increases. 


Example. 


A 1 inch circular jet strikes tlje bucket of a Felton wheel with a relative 
velocity of 50 fe(it ])')r second. The wetted surface is 20 square inches, 
the buckcit being 4 inches wide and 3 inches broad, so that the escaping 
'streams are each 3 inches wide. The length of path of contact is 
8'33 inches = '277 feet. 

•7854 

, = ^144 = -0109 feet 

6 width of streams 

12 


m ■■ 


fl -005. X -277 -005 X ‘277 _ 

11)“-* - '0109 V 60" “ -0109 X l-9r5 



172 


HYDRAULICS AND ifS APPLICATIONS 


Vi = >•, V 1 - •OdC!) = -967 ri. 

,, actual pressure 1 — '907 cos o ' 
theoretical pressure 1 — cos a 

If a = 160° (cos a = — ‘9397) the ratio becomes ’984, a value which 
would diminish as the velocity diminished. This demonstration has 
neglected any loss directly due to eddy formation. The actual ratio in 
the case of a Pelton wheel bucket, where such loss is small,-would prob¬ 
ably be about ’95, and would be less than this in the case of a jet 
impinging normally at the centre of a hemispherical cup. 

The following are the results of a series of exporiinonts carried out by 
the author on an apparatus designed by Professor Osborne Reynolds to 
determine the ratio of actual to theoretical force of impact, under varying 
conditions. In each case the surface to be acted upon was rigidly li.xed 
to the end of a horizontal lever, which was then accurately balanced. A 
vertical jet was allowed to impinge from below on this surface, and the 
flow was adjusted until the force of impact was sufficient to balance a 
known weight resting on the lever vertically above the axis of the 
jet, and to cause the lever to float in its equilibrium position. The ‘ 
velocity of impact was measured by measuring tho area of the discharge 
orifice and the weight of water discharged in a given time, and by taking 
into raccount the height k (small) between the orifice and the surface. 
Thus if j) = velocity of impi^ and ro = velocity at orifice, wo have 
V = V ~^'^ 2 g h . 

The surfaces experimented upon consisted of three flat circular brass 
plajes of diameters respectively "54 inch, I’l.') inches, and 2'0 inches, 
each lij- inch thick and having edges perpendicular to the plane of the 
plate; a similar flat plate of 2 inches diameter, having its rear face 
ground down until it formed a knife--edge around the discharging 
periphery; and a plain hemispherical cup of 1 inch diameter. The 
diameter of the orifice was accurately '200 inch. 

The .results of these experiments are tabulated below. 


(1) Flat Plate '54 in. diameter, in. thick. 

Velocity»ft. i)er sec.. . 25'60 32-61 36-70 49-10 60-78 58-96 


-^tio —pressures -891 -940 -874 -858 
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(2) Flat Plate 1'15 his. (liameter, in. thick. 


Velocity . 

^.'5-82 

32-21 

36-90 

48-05 

64-70 

Ratio . . ' . 

•874 

•902 

•86.5 

•897 

. -877 


(3) P’liil I'liile 2‘0 ills, iliaii.etcr, in. thick. * 


Velocity 

25-94 

31-92 

37-85 

1 

48-05 

.50-78 

57-16 . 

Ratio. 

•870 

•978 

•831 

•897 

•914 

•966 


(4) Flat Plate 2'0 inSi diameter, ip-imnd to knife edijc. 


Velocity . 

25-8 

83-6 

86-15 

41-90 

46-55 

52-60 ■ 

67-80 

Ratio 

•901 

•903 

•906 

•925 

•944 

•956 

1 

•962 


(5) lleiiiisphcrieal eiip, 1 in. diameter. 


Velocity 

18-19 

1 

22-66 

1 

i)3'45 

43-15 

51-16 

54-60 

Ratio . 

•890 

•963 

•890 

•853 

•833 

•834 


In the first three of the flnt-plato experiments, the most noteworthy 
ft'iitures are the remarkable increase in efficiency in each case Mrith a 
velocity of about 32 feet per second (an effect which is also marked in the 
case of the hemispherical cup at about 22 feet per second), and the dis¬ 
turbing effect of the capillary action at the periphery. This deflected the 
escaping stream upward through an angle varying from 3° to 6°, the 
value of 1 — sin 6 varying between ‘9477 and '8955. With a sharp- 
edged periphery the effect of surface tension was less marked, particularly 
at low velocities, the angle apparently varying steadily from about 6° tO 
2° ((1 — sin 0) from '913 to ‘965) as the velocity increased. 

It will be noticed that, except at very high velocities and at the " criti¬ 
cal ” velocity, the smallest was quite as efficient as the two larger plates. 

In the case of the hemispherical cup, the escaping stream, whioh 
theoretically should have been vertical, showed the effect of capillary 
attraction by being inclined at 13° to the vertical. On taking this into 
account, the ratio of actual to theoretical pressure is increased by about 
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1 per cent, in eacli case. The reduction of efficiency at high as com¬ 
pared with low velocities, is here to bo accounted for by the interference 
of the descending stream with the ascending jet.' 

One interesting difference is to be noted between the behaviour of a 
steady jot and of an unsteady (sinuous) jet on impact. The former 
invariably impinges without any splashing. The latter, on the other hand, 



is always accompanied by considerable splash. With a steady jet there 
appears to be no formation of deadwater at the central point of impact, 
such as is indicated in black in the sketches in Pigs. 165 and 166. 


' Aht. 106.— DiSTUiBimoN of Pubssure over Plate at Imcact. 

In general, this is Unimportant, the total i)ressure only being needed. 
Owing to the curvature of the stream in the neighlx)urhood of the 
plate (Fig. 167), and to’the centrifugal force caused thereby, theprksure. 
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increases along the radius of curvature towards the surface of the 
plate and the centre of the jet, the velocity suffering a corresponding 


diminution. • 

Assuming no loss of energy before impact, the energy per lb. of water 

will ha ^ = h ft. lbs., where, in the case of a vertical jet, h is the height 

of the free surface of the supplyoresorvoi'- above the plate. Thus, at tha* 
centre of the jet at the plate where the velocity is zero, the pressure 


intensity will have its maximum value 2 1 ; 

From this point the pressure intimsity falls off radially as indicated in 
the figure, the pressure curve heiiig approximately as shown. 

Exj)eriment8 show that the pressure at the centre of the jet is 

practically the same as (slightly less than) that corresponding to ^ feet 


of water. 

The following table, taken in abstract from the Eoorkoo Papers on 
Indian Engineering (“ Proc. Inst. C.E.,” vol. 60, p. 436), shows the 
pressure exerted at different radii by a vertical jet IJg" diameter, when 
impinging normally on a fixed plate. 


Heijjlil from free nurfuce in 
Cf>iil 4 iinmsj vcsw‘l to Burfjico 
of plate m inches. 

‘27-125 

f} 

a 

27 

»> 

>> 

>9 

26'.5 

if 

ii 

» 

ii 


lladia.! flibiancc from axis 
of jet 111 inches. 


‘000 

•125 

■225 

•325 

•425 

•525 

• -625 
•725 

♦ -825 
•925 

1-125 

1-225 

1-325 

1-425 

1- 5-25 

2- 025 
2-075 
2-350, 


Tressure iiilonsily on plate 
ill iuclies o[ water. 


2r)-875 

26-75 

26-375 

26-125 

25-50 

24-50 

23-25 

21-75 

20-25 

18-00 

13-50 

10-75 

8-00 

6-25 

4-60 

4-00 

3-50 

2-00 
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In genera), with a jjlate having a diameter from two to three times that of 
the jet, the total pressure exerted will exceed 90 per cent, of the theoretical. 

« 

Akt. 107. —Impact on Moving Vanes. 

Let V be tlie velocity of the jet in feet per second. 

„ n be the velocity of the vane in the direction of motion of the jet. 
Then the relative velocity of jet and vane = v — v. 



(1) Impact on a single vane curved through an angle a, and moving in the 
direction of the jet (Fig. 168). 


Here the weight of water | 
striking the yane per sec. i 
Initial pomentum in) 
direction of motion ) 
Pinal velocity in direc-l 
V tion of motion J 
. •. Pinal ■ momentum in | 
'. direction of motion ) 
.•. Change of momentum) 
in this direction ) 


.’.Work done on vane 

Initial kinetic energy of) 
jet ■ 1 

Efficiency 


= W A {v — u) lbs. 
_^V A (r — k) V 
~ . 0~ 


= «+(» — «) cos o 
W A ' 

= ___ j (j, ,() ^ g I 


1/4 

g 

WA 

9 

W A 


{{v ^ u)[y — u — {v — ti) cos a] } 
(o — «)’ (1 — cos a) 

{v — uf (1 — COB a) u ft. ibs. per see. 


WA r\.. .. 

= - ft. lbs. 

'^9 

_ 2 (« — Ilf (1 — COS o) u 

—' - — 9 ' 



IMPACT OF JETS 


877 


■ For maximum efiSciency ~ = 0 

d xt 

2 — »()’ — 4 (d — It) u = 0 

either v = u or v — w = 2 u 
BO that V = 3 u. 

In the first case the velocity of the jet is unchanged and the work dine 
on the vane is zero. In the second case we have:— 


IF 4 / 2 \2 

Work done on vane = ^ ^ \ (1 _ cos a) ft. lbs. per sec. 

cos a) ft. lbs. per sec. 


4 W^i 
27 ff 
8 


. (1 


, Efficiency (max.) = ^ (1 — cos a). 


This has its greatest value when a = 180°, and then equals ~ . 

27 

When a = 90°, i.r;., in the case of normal impact on a single flat plate, 
we have, as before, the maximum efficiency when u = g, and then 

efficiency (max.) = 


(2) Impact on a Series of Moving Vanes. 

If, instead of a single vane, we have a series of vanes successively 
placed in the path of the jet at frequent intervals, the weight of water 
striking these vanes per second becomes IF A v lbs. 

If the vanes form surfaces of revolution having their axes in the line 
of action of the jet, neglecting losses due to splash we have, if a be the 
angle through which the stream is deflected :— 


WA V 


(v — «) (1 — cos a) 


Change of momentum 
per second in direction 
of jet 

W A V 

. •. Total pressure on vanes = —--— (v — it) (1 — cos a) lbs. 

Work done on vanes per) IF Am, , ,, , „ „ 

I = —— *') (1 — cos o) ft. lbs. 


secobd 


Efficiency = ^ ^ ^ 

For maximum efficiency ^ ^ = 0 
v{v — ii) — vu = 0 



r = 2 n 


(1 - tos o) 

Efficiency (max.) = - “ ^3 

_ I — cos a 
“ ' 2 

This is a maximum for a = 180°; ir., with a series of hemisphorical 
cups and then equals unity. With a scries i.f flat pliil.is having normal 
incidence a = 90° and the efficiency equals ‘5. 

Akt. 108.— Impact on one op a Series of Kecuiivuu Vanes woiose 
P iRBCiiON OF Motion makes an Anoi.u ivitij nur or t”e Jut. 

,< This problem is one of much importance in tin design if imjjul.se 
turbines. Let a be the angle between the directmn.s of r and of ii, and 



let 0 be the total angle through which the vane is recurved (Fig. W9).; 
Then if, as is usual, the incidence is tangential, the relative velocity of 
jet and vane at impact is given by 

tt/ = p’ + a? — 2 » tt cos a (triangle a be.) 
and, neglecting friction and eddy losses, the relative velocity at-dischargo* 
will be the same as this. 
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Also, for tiiiigential incidence, the direction of the vane at incidenet 
must be parallel to the direction of the jet relative to the vane, and rnttsi 
therefore make an angle i/3 tdth the direction of motion of the vane 
where /3 is obtained from the relationship (triangle a b c). 

Sin (8 = ~ . sin o. 

Vf, 

The initial velocity of jet in the dii*ection of motion of vane = d cos a 
,, filial „ „ ,, „ ,, 

= w — IV cos (180° — 0 — ^) 

= a -j- ’V COB (0 + 

Chance of momentum per sec. I 11'I 

in direction of motion of vane) o 1 ) 


Press on vane = 


W Q 


V coa a — u V, cos 




lbs. 


Aai. 109.— Gkai'hical Constkuction to Determine the Pressuri 
Exerted on a Vane (Fig. 170). 

(1) Impact on a Fixed Vane. 

Let the vector BA represent the initial velocity of the jet in feet pe: 
second. 



Let "the vector ]W represent its final velocity on leaving the vane. 

Then „ „ AC reiiresents the change of velocity, and therefore 

gives a measure of the resultant pressure on the 
vane, for if IP Q lbs. of water strike the vane per 
second, the change of nioiiientum in the direction 
AC per second = WQ.AC-i-g. 
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Resultant pressure on vane acts in the direction CA and is of 

If Q _ 

magnitude —^-.CA lbs. 

(2) Impact on One of a Series of Moving Vanes. 

Let BA (Fig. 171 a and h) represent the initial velocity of the jet in 
magnitude and direction. 

Let BC represent the velocity of the vane. 

Then (JA represents the relative velocity of the water over the surface 
of the vane. 

Draw E F = C A tangential to the vane at exit and make F 0 equal 
and parallel to B G. The vector EG, which represents the velocity com- 



FlO. 171. 


pounded of the velocity of the vaiie and of that of the water relative to 
the vane, now gives the absolute ve'ocity of the discharge stream. 

Drawing B H equal and parallel tj E G,the acceleration which is given 
to the water by the vane is represented by A U, and the resultant pressure 


W.Q 


. HA lbs. The line of action of this pressure 

^ • 't 


on the vane P 

is parallel to H A. 

The effective pressure is the component of this in the direction ^ 

motion of the vane. Thus in Fig. 171 a, this is given by ^ I'LM lbg/^‘ 

. . If. Q _ __ ‘ ■ ■ 

and the work done'per second by —^ . LM. BC ft. lbs. In Fig. 171 i, 
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the effective preeaure = ‘ second 

= 2^.Cl.iIC’ft. 11)8. 

9 

By producing A II to K (Fig. 171 a) and dropping perpendiculars 
B K, C X, on to A II, we can prove tjiat 

7i.? - BIP = IT A (ITa + 2 ini). 

Also, since CA represents the initial relative velocity of jet and vane 
and VH their final relative velocity, we have—neglecting friction— 
(Til = t'X .-. 11 A-‘I H X 


.-. K A = KII + 2 IIX 
K A + K II = H A + 2 K Ii=i (l< II + II X) 
HA II = ‘2KX 
2 A' X _ A M 
2 lia~ A II 

7/ A (77 A + 2 K II) = 2 (7. A7 . B C) 


Also 


Work done = (B A'^ — h‘ IP) 


2.7 




where vi and are the initial and final absolute velocities of the water. 
Work done on vane 


.'. Efficiency = ; ,-j-r-j 

Total energy of jet 

,. 2 - 


per second 




ir. Q 
2.9 




= 1 


0’ 


Centre of Pressure on Vane. The position of the centre of pressure on 
any vane receiving a jet tangentially may be determined as follows. 
Consider any small arc 7' y (Fig. 172 a) of the vane. If the velocity is 
supposed unaltered by friction, 7’ A and A Q, tangents at P and ^ 
represent to some scale the (equal) velocities at P and Q, while E Q, 
perpendicular to the chord P Q, represents to the same scale the change 
of velocity between P and Q. Normals P C and Q C to the curve inter¬ 


sect in C, the centre of curvature of the arc, and 


EQ_PQ 
A Q~PC 


, so that if 


P' C represent the velocity v at P, the chord P Q represents the change of 
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velocity between P and Q and the resultant pressure on the arc P Q is 
If O - 

given by --- ‘ . PQ lbs., if Q is the volume in cubic feet striking the 
vane per second. 

Thus if a series of normals to the curve are drawn intersecting at 
C’l, Cj, Ca, etc. (Fig. 172 h), the pressure on the corresponding arcs will be 

given by these pressures act outwards 

through the middle points of their respective arcs. Drawing in the lines 



representing these pressures P\, F- 2 , /'a, etc., the funicular jjolygon for 
these forces may be drawn, and the line of action of their resultant 
obtained as explained in any work on applied mechanics. The point of 
intersection of this line with the surface of the yane gives the centre of 
pressure on the vane. . , 

If the velocity varies from point to point of the vane the same general 
principles apply except that now the velocity v in the expressidn-—■ 

pressure = —^ (raliusJ ^ iWhere 

the law of its variation'is known, the problem becomes perfectly, 
determinate. 
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If two steady streams are^ allowed to impinge on each other under 
atmospheric pressure, they com¬ 
bine to form a single stream. 

Let streams (1) and (2) com¬ 
bine to form stream (il) (Pig. 

173). Then if a,r, and Q represent 
the sectional areas, velocities of 
flow, and quantity carried by each 
stream, woliave, if 6 ho the angle 
made by an im])inging stniam with the direction of the ro.Multant stream :— 
.For continuity of flow, ci, ai -j- Vi, 02 , = r^, 113 (1) 

The equations of momentum give:—■ 

Cl sin 0i — (,>.2 C 2 sin 62 = 0 ( 2 ) 

Ql Cl cos d, -)- (,).2 r.2 cos (1.2 = Q 2 T'f (8) 

whil.^ the equation of energy gives:— 



'L 4. 


‘J 0 

IV ((.h + (.kW 

ar 


-|- loss .at impact. 

+ ir 


ir = 


w 

ir 
2 ;/ 


Gi ri'^ + (?2 1-2“ - (Gi -f Q2) } 

I (di + 


(4) 


simultanoous- 


By suhstitiition from equations (2) and (3) above, this loss may be 
determined in terms of ci, 1 % 

0 i atid 02. 

In two particular cases II' 
may ho zero. In e,ach of 
those it is necessary that 
c,>* - = 0 : 

’2“ — I'n = Oj 

ly, and therefore that + iq 

= + 1^2 = + Cij. 

The tirst case is found 
where iq = tq = ca, i.e., where 
two parallel streams moving 
with the same velocity com¬ 
bine to form a single stream, with an area equal to the combined area 0 : 
the two. The second case is found where vi= — vg, each of these beinf 



Fiq. 174. 
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numerically equal to V 3 , and corresponds to the direct impact of two 
streams of equal velocity. A film of water is then formed, the velocity 
of whose mass centre (% in the equation of momentum) is zero, but 
which has a velocity of outward flow equal to t j or v^. Professor Osborne 
Reynolds illustrated this by allowing two streams of equal velocity to 
meet by direct impact, and noting the clear and glassy appearance of the 
resultant film. If a cylindrical prism having plane and parallel ends be 
placed in the path of the stream (Fig. 174), the films from A and B to 
the point of contact C, are still perfectly clear. After C, however, the 
frosted appearance of the film indicates eddy formation and the institution 
of sinuous motion. 


Art. 110a.— Compounoino of Confined Streams.—Loss at Impact. 


When the impinging streams are confined, the pressure is no longer 
the same before and after impact and the available data is insufficient to 
allow the equations of momentum to be applied. Experiments by the 
author* on the loss following the impact of such streams, only one of 
which is deviated by the impact, show that this is given by 


loss : 




j + ^ impinging jet *,• 


( 2 ) 


By the impinging jet is meant that which suffers deviation. The 
•. velocity of this jet is fa while the velocity of the primary or undeviated 
stream is ri. The valuei of the constants a and h depend on the angle 
of impact 9, and on the ratio,® of areas of the primary and impinging 
streams. The values of 6 iii^he experiments were varied from 5° to 90°, 
while m was varied from 1 to 5. The area of the impinging stream was 
X 1" throughout, and the area of the primary stream was the same 
•"Ijefore and after impact. The velocities ranged up to 23 ft. per sec. 
Under these conditions the following are the values of a and of b. 


Values of w, i.e. ratio of urea rf primary and impinging streams. 


a 

1 

2 


1 




i 

a 

h 

a 

b 

a 

h 

a 

b 

a 

b 

90° 

30 

1-53 

1-85 

•97 

r57 

•915 

1-42 

■921 

1-33 

•925 

60” 

2-0 

•71 

•49 

•59 

•38 

•70 

•33 

■75 

•31. 

' -79 

45” 

1-5 

•44 

■32 

•45 

•22 

•60 

•19 

•08 

•lY 

•73' 

30° 

1-0 

•22 

•20 

•35 

•12 

•53 

•10 

•62 

•083 

•68 

1 . 6 ° 

•50 

• 0(10 

•090 

•28 

•050 

•48 

•040 

•58 

•084 

•652 

6 ° 

•17 

•008 

•030 

•254 

•013 

•447 

•on 

•5GG 

•009 

••642< 

0 ° 

•00 

•00 

•00 

•250 

•00 

•444 

■00 

•568 

• 00 ; 

-640 


1 o i^roc. Roy. Soo. Edinb^irgli/’ 1912-13. 
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It will be noted that when 6 is large, and particularly where nt is 
small, the v-^ term ia all important, white for small values of $ and large 
Values of m the term Becomes the more important. With large values 
of m the value of h approximates, as would be anticipated, to unity for 
all values of 8 . Where 8 , and the volumes of streams (1) and (2) are 
known the above values of a and 6 enable the value of m for minimuiB 

loss to be calculated. Thus if Qi — n Q^, vj = — f», and the loss is 

m 

given by 

loss = I a I ^ P®’’ 0^ stream (2). - 


e.g. If d = 30 and ft = 2 Q^, i-c. 11 — 21 


When 

II 

a = ’34, b = '24, . 

. . loss = ‘SIS ’ 
.2(7 

»> 

o 

11 

a = -20, 6 = -35, . 

. . loss = -550 

2(7 


111 = 2‘5, 

a = -15, h = -44, . 

. . loss = -536 '!)- 
2.(/ 

ft 

VI = 3'0, 

0 = -12, h = -52, . . 

. loss = -STS s- 
^9 


On plotting these values of iii against the loss it appears that this is 
minimum when nt=2‘5 and then amounts to '586 ^ ft. lbs. per lb. of jet 2i 

For values of 8 between 0° and 45° and of m between 1 and 6, the 
value of VI for minimum loss is given by • 

( ^ 100 + 11-4 • ft f 

The following table indicates how this best value of vi varies with 0 
and with the ratio of ft to ft, 





Value of H 

- (A 




D 

2 

4 

6 

8 

10 

12 

5° 

1-31 

1-50 

1-85 

2-25 

2-65 

3-05 

3-45 

BnS 

1-5 

1-8 

2-35 

2-9 

3-4 

4-0 

4-6 

15° 

1-65 

1-95 

2-66 

3-45 

4-05 

4-75 

5-35 


1-8 

2-2 

30 

8-8 

4-5 

5-2 

6-1 


2-1 

2-65 

3-6 

4-6 

6-4 

fi-4 

7-3 

45° 

2-56 

316 

4-26 

5-5, 

6-7 

7-8 

8-9 
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while the loss of energy expressed as a fraction of , experienced with 
the best value of m is as follows. 


0 



V'aluc of Qx - 




1 

9 

i 

c 

8 

la 

12 

5" 

•13 

•18 

•27 

•85 

‘•42 

•17 

■61 

10’ 

•22 

•2!) 

•43 

•53 

•60 

•(>7 

•71 

ir." 

•28 

•36 

‘53 

•6t 

•71 

•7.8 

•83 

20" 

•33 

•43 

•60 

•71 

•7!) 

•85 

•91 

30^ 

•41 

•53 

■72 

•82 

•!)I 

•97 

102 

4.5" 

•53 

•08 

■88 

•!)7 

1*01 

1-10 

1-14 


Anr. 111 .—Resistance of Submeiigbd Plane Surfaces. 

If an entirely submerged i)lane surface he moved normally or obliquely 
with uniform velocity through still water, the resistance to motion 
depends slightly on frictional resistances, but to a much larger extent qn 
the change of momentum produced in the surrounding water during the 
passages of the plane, and on the eddy production in the rear of the plane. 
Normal Motion of a Plane through Still Water. 

Hero, in front of the plane, stream line motion is set up, and if n bo 
the area of the plate, and rj/rn velocity, a column of water of sectional 
area a and of length v feet, is transferred from front to rear of the plane 
per second. The effect of this iq producing resistance, may be seen by 
considering the flow of a steady stream past such a submerged plane. 
“•Xs before, up to the plane the motion is steady, and the stream line 
formation is as indicated in Fig. 175!* The plane, therefore, affects the 
'moi^entum in a direction normal to its plane, of a mass of water of 
volume a v cubic feet, per second. Since, the velocity of the mass in this 
direction is initially r feet per second, if it were possible to destroy the 
whole of its momentum the total pressure on the front of the plane would ' 
IF a u* 

be —-— lbs. Prom a consideration of the stream line formation, it ip, 

however, clear that it is only those stream lines at and near the centre of 
the plane which are actually diverted at right angles to their normal 
direction, the outer layers being diverted through a smaller.angle 
,depending on their distance from the centre, so that the change of 
!, From a paper by Professor Hdo Shaw, “ Tians. Inst. Naval Architecta," 1898, vol 86.. 
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momentuin in the direction of motion, and hence the pressure on the 
front of the plane, is losj tli in At only one point, i.r., the centre 


of the plane, is the iiiomentuni actually destroyed, and here the pressure 
IF r'* 

intensity amounts to ,, , the head corresponding to the velocity of 

(I ^ 

flow. Immediately after passing the plane the motion becomes sinuous, 
eddies are fonmid,* and since 
the energy of eddy produc¬ 
tion has to be supplied in the 
form of extra work done on 
the plate, this directly in¬ 
creases the resistance to mo¬ 
tion. In other words, while 
the ])ressure on the front of 
the plane is unatfected, that 
on the rear face is reduced 
by this eddy jn'oduction, and 
since the resistance to motion 
is equal to the difference of 
pressure on the two faces, 
this is .increased. Plates of 
different Bhai)es have different effects as regards eddy production, the cirr 
culiir shape giving least resistance for a given area, while generally the 
resistance increases slightly with the ratio of the length of periphery 
to the area of the plane. Also it would appear that as the size of plate 
increases, the ])roportioual effect of the eddy production increasss slightly. 
Experiments show that for the nornial motion of a submerged plane 
through still watci', where the boundaries are so remote as not to affect 

.7 J ^ r 2 

the resistance, this it; given by k —-— lbs., where k is a coefficient 



depending on the size and shape of the plate, and diminishing slightly as 
the speed increases. 

With a circular plate, k varies from about 'flliO in a plate of 1 inch 
diameter to ‘GSO with a diameter of 3 inches and ‘720 with a diameter of 
6 inches, afterwards increasing slightly with the diameter. Dubuat and 
Duchemin obtained a mean value of '717 for a plate 1 loot square moving 
through still water, k being '50 for the front of the plate and ’217 for the 


* See Art. I."), p. 47. 
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back. Experiment also tends to show that the resistance is somewhat 
greater when the plate is stationary in a moving current than when 
it is moved through still water. This is probably due to the fact that the 
water when in motion is in a much more unstable condition than 

when at rest, so that the sphere of 
influence of eddies projected from 
the boundaries of the plane is greater, 
and the consequent dissipation of 
energy is greater in the former than 
in the latter case. 

With a plate 1 inch square held in 
a moving current, Stanton^ obtained a 
value of k = •620. 

Submerged Plane in Pipe of Small 
Cross-Sectional Area. 

The effect of ])laeing the plane in a 
pipe of restricted area, is to increase 
the velocity with which the water 
escapes over the edge of the plana 
This causes an increased eddy pro¬ 
duction, ' a consequent reduction of 
pressure on the rear of the plane, and 
hence an increased resistance. 

Oblique Motion of Submerged Planes. 
Where an oblique plane makes 
an angle 6 , with its own direction' of motion (Pig. 176), the velocity of 
water normal to the plane = v sin 0 . 

The column of water whose momentum is affected, is now of sectional 
ijeea a sin 6 , so that the change of momentum prbduced by the passage of 
the plane is proportional to 

IF V a sin ^ v sin ^ . , IF a » . 

, -, i.e., to- tr sin ^0. 

9 9 

It might then be expected that the resistance to the oblique motion of a 
plane would equal 

Direct resistance X sin ^0. 

Due, however, to the unequal eddy formation at the rear of the plate 
(ijlith the two kinds of motion, and to the fact that as 6 is dimiinshed, 



‘ “ Trans, Inst. N.A.," 1909. 
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frictional resistances form an increasingly large portion of the whole, this 
law does not hold. Lord Riyleigh,* indeed, showed that a rational 
expression for the normal pressure on the front face of the plane when 
moving through an infinite mass of fluid is given by 
IF II TT sin ^ 

0 ■ 4 + IT sin ^ 
this neglecting the effect of eddy formation. 

From this we have, if P' = normal pressure on oblique plane, and if 
P = corresponding pressure on a normal plane, 

TV - /. (i+ ’f) - i> .M P 6 

4 + IT sin '56 + '44 sin 0' 

As the result of experiment M. Joessels, of the French Navy, deduced 
an empirical formula of this type, making 

sin 8 


P' = P 


•fly + ‘01 sin 0 ’ 


while Duchomin deduced the relationship 

pi-II 

‘ 1 + sin ^9' 

Tho following table shows results experimentally obtained by Colonel 
Beaufoy and by Stanton, and also some results of experiments by Vince 
quoted by Rayleigh, together with corresponding values as calculated by 
the sin'‘d formula, and by those of Rayleigh, of Joessels, and of 
Duchemin. 


Angle nuwle by plane with 
direction of motion . 

£K)^ 

80° 

70° 

, GO" 

50" 

■10° 

So" 

20° 

10“ 


' Vince . 

I'OO 

1 — 

•974 

— 

•87:i 

— 

•GG3 

•458 

•27« 

, . -P' 

Kalio -p expen- 

Ilpanfoy 

l-oo 

•015 

■SI5 

•H2fi 

•722 

•570 

- 

•821 

•275 

mentally obtained 

Stanton 
(wjuare 
plane) ! 

M)0 

, VOO 

1-00 

« 

■07 

■03 

■915 

■89 

■09 

•27 

Bin ”9. 

1-00 

•97 

•88 

•75 

-,587 

•41 a 

■250 

■117 

•03( 


1-00 

■900 

•905 

•910 

•854 

•751 

•G41 

■481 

•271 


1-00 

■\VM 

•075 

■914 

■894 

•821 

•715 1 

•.-.71 

■,•161 

y^«^*-(Dnchemin) . 

1-00 

1 

I’OO 

l-OO 

•99 

•905 

■91 

■80 

•61 

■U 


> “Soientiflo Papers,” I., p. 287, and III., p. I9I i or see Lamb’s “Hydrodynamics.” D. «&' 
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The resistance in tlie diiection of niotioii is given by 7" sin 6 . 

Probably the experiments by Stanton are the more reliable, and for 
values of 0 greater than 15", the agreement of these results with those 
calculated by the formula of Duchemin, is very close. 

As in the case of the normal plane, there is only one point P, this in 
the median idane of the plat!!, at which the velocity is zero and at which the 


ir r'^ 

maximum pressure is therefore attained. This is in advance of 

the centre of the plane, and its distance from the centre in terms of the 
length I of the plane, as obtained theoretically, is given in the following 
table.^ The distance x of the centre of pressure from the centre of the 

plane, is theoretically given by the formula x = ^ ^ g ■ and 


valuf s of X are also tabulated below. 


0 . 

DO" 

70" 

50" 

30° j 

20° 

5. 

Distance of point wher;B 
stream divides, from 

■000 

! 

•0;i7 / 

•075 1 

■ ' j 

•117 / 

•13!) L 

' — i 

centre of plane 

V • 

O 

O 

o 

•232 1, 

•402 / 

•IS 3/ 

•19G 1 


It is found, moreover, that with'a rectangular oblique plane the total 
■^essure for a given value of 6 depends largely on whether the long or 
short edges of the plane are perpendicular to the stream, the resistance 
.being greatest when the long edges are so placed. The reason for this is 
explained by Lord Rayleigh as follows. Although there is only one point 
of maximum pressure whatever the manner of presentation of the plane, 
yet with the long edges perpendicular to the stream the motion is approxi¬ 
mately in two dimensions, and a region of almost maximum pressure 
extends over the greater part of the length. The case is very different, 
however, when the short dimension is pei'pendicular to the stream, for 
then, along the greater part of the length the flow is rapid and the 
trSsBure in consequence low. 

This is of importance in the design of oar blades, the floats of, paddle- 


* From Lamb’s IIvdrodynamicB,” p. 94. 
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wheels, and the gliders of aeroplanes, since, area for area, a short (in -the 
direction id motion) wide surface is considerably more efficient than a long 

• . . W a r“ 

narrow one, the total pressure approximating more nearly to — as the 

■ ^ 9 


surface is made shorter and wider.* 

As applied to the design of rudders it explains why a deep narrow rudder 
gives better results than one which, having the same area, is shallowent 
and wider. 

The following table shows the ratios of P' to P experimentally obtained, 
by Stanton on rectangular planes. 


Angle of inclination . 

•Xi- 

s-r 

7(1° 

60° 

50° 

40° 

:io° 

20° 

10° 

Ueetanclc Icii'jlh — ‘2 IfreiiJtli 

l-Oi) ' 

l-lH 

1-02 

1-00 ' 

111 

1-12 

•80 

•45 

•166 

Uectaii.'^de leiiglli - .J Itveallli 

Mill 

101 

I'OO 


■n 

•77 I 

■71 

■71 

■60 


Tb(! maximum ratio, I’l.T, for the funner plane was attained when 
8 was 1 f', while with the latter plane the pressure curve had a 
characteristic hump (ratio = ’74) when 0 was 25°. 


Art. 112.—RtiDDKa Action. 

The normal pressure which is produced on an obliqut) plane by its 
iwdion throtrgh water is taken advantage of in the ordinary rudder, 
Since the flow of water to the rudder is guided by the form of the stern of 
the, vessel, the distribution of pressure is entirely diflerciit to that occur¬ 
ring in the cases previously considered. In any case, however, the effect 
of the motion is to produce u distribution of normal pressure over the 
rudder which has a single resultant tending to turn it alM)ut its point of 
attachment to the stern post. ’ This action being resisted by the rudder 
chains, the nett effect is that of a single force P acting on the vessel at B 
in the direction .1 B (Fig. 177 a). 

This is equivalent to an equal and parallel force applied at the centre of 
gravity G of the vessel, altogether with a couple of moment P X A G 
tending to rotate the vessel about 0. It is this moment which tends td 
turn the vessel. The single force simply lends to produce a bodily drift ol 

1 F(»v curves showing the effect, of varying the manner of presentation of glider surfaces foj 
aeropJanes, see Loifi Kayleigh’s paper, antt loq. 
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the vessel in a direction {)arallel to A B. This explains why a constant 
rudder angle will not enable a vessel to describe a circle. 

The point in the rudder body, at which it is pivoted, does not affect this 
force or the couple produced, and advantage has been taken of this to 
mount the rudder on pivots near its centre. Being then approximately 
in balance, the moment necessary to rotate it is considerably reduced, and 
a much greater proportion of the steering force is directly transmitted 
through the pivots (Fig. 177 b), instead of through the rudder chains. 

Experiments by Stanton ‘ show that the divergence of the stream 




impinging on the rudder, produced by the Jiull of the boat, considerably 
reducfs the normal pressure on the rudder. Where the lines of the stern 
of the boat converged at an angle of 10°, the ratios of the pressures obtained, 
to those obtained with the hull removed were as follows: 


Angle of inclination of rudder 

10° 

20° 

80° 

40° 

5?)° 

Ratio of pressures on rudder with 



•67 

•61 

•61 

and without hull in position 

•43 

•57 


1 “ Trans. Insr. Naval Architects,” 1909. 
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Aut. 118.— Resistance to Motion of Sudmerobd Bodies. 

If the plane already considered forms the end of a solid prism whose 
axis is parallel to the direction of motion and whose length is more than 
about three times the diameter of the plane, the directions of the stream 
lines are modified as shown in Fig. 178. Eddies are still formed at C ,, 
after which the motion becomes parallel to the axis of tho prism, until at 
if a second formation of eddies takes place. ■ 

'J'he total eddy formation at if and C is now less than at B alone with 
a plane surface, and this results in a higher pressure on the roar of the ■ 
prism than on the plane and a consequent smaller resistance to motion. 
Even including skin friction, with a moderate ratio of length to diameter 
the resistance of the prism 
is loss than that of tho 
plane. Putting the resist¬ 
ance equal to k v^, we 
<1 



Fio. 178. 


have k = '55 with a prism 
having plane ends and a 
length of about three times 
its diameter. If fitted with 
a tapering cutwater the production of eddies at C is obviated and the value 
of k becomes about 'lO. Fitted also with a tapering stern eddy formation 
is largely prevented at B, and k is reduced to about '125. The resistance 
is now largely due to akin friction and should be calculated on that 
assumption (p. 175). 

Experiments by Dubuat, on a square prism, section a X a, length I, 
gave resistances in the following ratios : 


1 a 

■03 

!• 


3 1 

6 

k 

•93 

• 

•78 

•67 

•66 

•73 


Art. 114. —Resistance op Ships. 

The resistance to the motion of a ship is due mainly to skin friction, 
but also to the formation of surface waves and of eddies (chiefly at the 
stern). Mr. Proude found that although the velocities of gliding vary 
largely at different points of the hull of a ship, no sensible error is 
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involved if the frictional resistance be calculated on the assumption that 
the wetted surface is equivalent to that of a plane of equal area and length 
in the direction of motion, and moving at the sa^ne speed. The frictional 
resistance of the ship may thus he calculated from Froude'S e.\porimental 
results on the resistance of plane surfaces (Art. 61). 

With an inviscid fluid, the particles disjilaced laterally by the prow 
would move over surrounding particles without any frictional losses and 
without any tendency to eddy formation, and would immediately return 
to exert a pressure on the stern equivalent to that on the hows. Thus 
the only resistance to uniform motion through such a fluid would bo that 
due to wave formation, and, with a deeply immersed body, would be 
zero. A geometrical construction for the stream lines in a perfect fluid 
has been deduced by Professor Rankine, while Professor Ifele-Hhaw has 
verified the accuracy of this construction by expoiiments on a viscous 
fluid flowing past an obstacle, the motion talring place between parallel 
glass plates at a very small distance apart.* In this case the motion is 
governed almost entirely by viscosity, all eddy motion is prevented, and, 
as proved by Professor Sir G. G. Stokes,* the effect as regards stream-line 
formation is the same as in the case of a perfect fluid. i 

This may be shown as follows: ^ 

At all points in the same horizontal plane in a pjrfect fluid we have, if«. 

p n'^ 

be the velocity of flow, — const. 


.^V 


1 " rv 

IF + “ g - ® 


( 1 ) 


If the stream lines are curvisl, apd if h p be the change in pressure, due to 
centrifugal action, across a stream tube of radial width 6 r, and of radius 
■^f curvature /•, we have (p. 96) 

dp 

r g r 

■ and on aubstituting this value in (1), 




, , ( 2 ) 

r 'dr 

In the case of a viscous fluid flowing with stream line motion between 
two parallel plates, if s be the direction of flow at any instant, we have 

= 0; —■ = 0; while if a be the mean velocity 

d ij d z ds d f 


(p. 67) 


1 British Association Repoit, 1898; also ‘‘Transactions lnst.,Kaval Architects,*’ 1898, 
tol. ts. ■ ' 

tDunkcrlcy, “Transactions Inst. Naval Architects^’ 1900, voi. 42, p, 227. 
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of fltiW this latter equation reduces to 

The first two of these equations show that lines of equal pressure cut the 
stream lines at right angles. If then in Fig. 179, A and 6', as also B and f), 
are points of equal pressure on two adjacent stream lines A B and C D, 
over which the mean v(!locities are « + S ii and «, the eorre.sj)anding values 
of 8 s for equal values of 8 p are A B and C 1>, so that 

AB _ u 

(']) ~ II B11 

But the centre of curvature of the stream lines is at the point of inter¬ 
section of A C and J! I> produced, so that /--y = 

C L> r 

. n _r-|-8r 
' * M -f- 8 i( r 

and, neglecting small quantities of the second order, this reduces to 


u d 11 
r 


d r 


= 0 


which is identical with equation (2) above. 

Wave produi tion is a very complicated phenomenon, and depends in 
magnitude and in form largely on the i u rn and speed of the boat. In 
general it may be taken that the motion 
is accompanied by the formation of bow 
and stern waves, and by a fall of the 
water surface amidships (Fig. 180), 

The fact that outward stream-liTie How 
must commence in front of the hows, 
and that the head necessary to produce 
this can only be obtained by a rgl 'tive 
elevation of the surface level, accounts 
for the bow wave, while the reduction 
in velocity of the accompanying stream 
at the stern and the consequent increase 
in pressure accounts for the stern wave.^ 

Also the increased velocity amidships is 
accompanied by a diminution in pressure, and accounts for the lowering 
of the surface level at this point. With a wholly submerged body the 
displacements produced on the surrounding mass of water are identical in 



1 For an article on the changes of lev»l around a vessel, see the Engiiuer, vol. 63, p. . 
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form at all velocities, and are similar for similar bodies. Also, as pointed 
out by Mr. Proude, and subsequently confirmed by experiment, this holds for 
partially submerged bodies in spite of the effect of gravity on the vertical 
displacements, if the similar bodies move with velocities proportional to 
VT), where 7) is the ratio of their linear dimensions. Assuming then, 
as appears to be ap 2 )roximately true, that the height of the waves ia 
proportional to v^, and that their breadth is proportional to their height, 
we have their mass larojwrtional to v*, and the energy of formation to 
u®. This energy is largely dependent on'the form and relative length of 
entrance and run of a ship, and every vessel would appear to have some 
limiting speed beyond which any increase is accompanied by an altogether 
disproportionate increase in wave-making resistance. Mr. Scott Russell 
states that this limit is somewhat less than that corresponding to the 
length of the wave which the ship tends to form, which length depends 



I’ln. 180. 


on the length of entrance and run, and gives the following formula* for 
the maximum velocity obt^able without abnormal resistance:— 

r = I'O.'J In + U 

Where V = velocity in knots; Li and Li are lengths of entrance and run 
f in feet. 

He also states that Li should not be less than "562 F* 

U „ „ ' „ -375 r\ 

Thus for a speed of 10 knots, In + In > 03’7 feet. 

„ ,, 20 „ Li + L3>375 „ 

» .. >• 80 ,, Li-|-L3>843 „ 

While agreeing fairly well with observed results, more recent investiga¬ 
tions* point to the incompleteness of this rule, and.indicate that^the 
length of the middle body of a ship also affects the wave resistance. 

Eddy formation, apart from that due to skin friction, is largely, confined 


' “ Transactions Inst. Naval Architects," vols. 1 and 2. 
* “ Transactions Inst. Naval Arcljiteots," 1881. 
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to the etern, and is due to flow in what is in effect a channel with 
diverging boundaries. Proude, 
in his experiments, found it necessary 
not only to use a cutwater, but also 
to taper off the stern of his planks in 
order to got a resistance — length 
curve, which should pass through the 
origin of co-ordinates, the effect being 
as indicated in Fig. 181. 

As a factor in reducing resistance 
in fact, a finely tapered stern or run 
is of much greater value in a ship¬ 
shaped body than is a line stem. With 
a model as shown in Fig. 182, the 
directions of motion for least and 
greatest resistances are as indicated. 

Experiments by Stanton ^ on the 
resistance of models having one end 
hemispherical and the other conical, give the following values of the 
relative resistance R. 



L enqth 
Via.m. 


Angle of 
convergence 
of eonicHl 
end. 

Methoti of ajiplicalion. 

B. 

12° 

Hemispherical end first 

•51 


Conical ,, „ 

i -69 

20° 

Hemispherical end first 

•59 


Conical * „ „ 

•76 

40° 

Hemispherical end first 

•99 


Conical „ „ 

1-00 


Taking 8 to be the projected area of the stern, the reduction in 


1 “ TranswtionfljlDet. Naval Architects,” 1909. 
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Oirfctio'i of uss Heshtance 


C 


pressure, due to eddy production is approximately proportional to i?, and 
the resistance thus produced proportional to 8 v\ 

In general, however, skin friction accounts fcr the greater part of the 
total resistance, varying from 80-90 per cent, of the total for speeds of 
6 to 8 knots, to 50 or 60 per cent, at very high speeds—this with clean 

bottoms. Eddy production, in' a 
well-formed ship, accounts for 
8-10 per cent, of the total, and 
wave-making resistance for the 
remainder. 

The total resistance, at speeds 
up to about 10 knots, is api)roxi- 
mately proportional to r^, while 
Sir William White ‘ states that as the speed increases further, the power 
of the velocity to which the resistance is proportional increases to a 
maximum value of about 3, owing to the increasing magnitude of the 
wave-making resistance, and then falls again to a value slightly below 2. 
Thus in the case of an 80-foot boat exampled by Sir William White 

The resistance up to 10 knots was approximately at ' 

„ „ at 13 „ „ „ <x.v^ 

.17-18,, „■ „ oca'-!' 




Direction of Creaar fiesiscance 
Fih. 182. 


while with the Iris—300 feet long, 


the resistance up jj^'‘13 knots was approximately oc j l 


at 18 


,, 2.8 


The total resistance of a ship may be deduced from that of a scale 
model, and the skin friction alone from Eroude’s results, so that it 
becomes possible to deduce the eddy and wave-making resistances 
experimentally. 

Before proceeding to describe Mr. ^'roude’s methods of doing this, we 
may note that, if the relative scales of a ship and its model are as D : 1, 
the relative wetted areas are as D*; 1, and if the suffix»refers to the 
ship,and m to the model, the frictional resistances are given by 


j I assuming resistance X F^, 

— ./a \ I 

and, neglecting for the time the difference between/« and/,, we have . 

K . sAvJ \vj 


(1). 


“ Manual of Naya! Arehiteotare,” by W. H. White, p. 468. Loudon, John Murray. 
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Again, the ratio of the wave-making resistances is given by 

■ (;:■)■ («) 

while the ratio of eddy resistances 

Putting (, •' ) = IK each of these resistances, and therefore the total 
becomes proportional to JI\ so that, to quote Mr. Froude, “ If a ship be 



i Ki. 1S3. 

7) times the dimensions of the model, and it at speeds Vi, Vt, Vg, the 
measured resistances of the nujdel are Ri, Rg, Rg, then for speeds 
V, V ]), Vg V 1>, Fa V" y), the resistances of the ship will be 77® Ri, 
Ri, Ds Rg. To the speeds of the model and ship thus related it is 
conveijient to apply the term ‘ corresponding speeds.’ ” 

In determining the resistance of any proposed ship, a scale model is 
made usually of paraffin wax, and is towed through still water, the 
resistance corresponding to any speed being noted. Thus in Fig. 183, 
A A represents a resistance curve, the vertical ordinates from the line 0 X 
represepting to scale the total resistance of the model. 

The area and length of the wetted surface being known, and the 
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coefficient of friction determined, the frictional resistance can now be 
calculated for any speed, and the curve B B, of frictional resistances drawn. 

If now the horizontal scale be increased in the ratio V i): 1, and the' 
vertical scale in the ratio D®: 1, the curve A A serves as the total 
resistance curve for the ship. Thus if the model is ^ the size of the 
ship D = 12, the corresponding speeds of ship and model are in the 
ratio vn^2 : 1 = 3‘4f)l: 1, and at this corresponding spoed the resistances 
are in the ratio 12''; 1 = 1728 : 1. , 

If fresh water is used in the experimental tank the vertical scale is to 
be increased again in the ratio of the densities of salt and fresh water, 
while a further final correction is necessary because of the dififerent 
values of/for the ship and model. This is got over by calculating the 
actual frictional resistance of the ship for her true length at various 
speeds, and by setting the values thus obtained as ordinates downwards 
from the curve B B, to form the curve C C. The true resistance of the 
ship at any speed is then given by the corresponding vertical intercept 
between A A and C C. 

The resistance at any given speed V„ is calculated from model observa¬ 
tions at the corresponding speed V„ as follows: — ‘ 

Total resistance of model (observed) = lbs. 

Frictional,, „ „ (calculated) =/„,S„ F,/. lbs. 

Wave-making and eddy resistance of 
model 

.•. WOTe-making and eddy^fesistance of j _ ^ 64 

“ ship in salt water J ' 62'4 ‘ 


= K -fm T'm" • = E lbs. 


Total resistance of ship : 




64 

62-4 


l)‘E+f,S,V”.\hs. 


At-second method of carrying out tank experiments is due to Colonel 
•English, and has certain advantages. Suppose the resistance of a ship in 
commlssioii to be known at velocity I’l, that of another proposed ship to 
he determinevij at a velocity Fa. Make models of the two ships. Let 
suffix 1 refer' to existing ship; suffix 2 to that to be built, and let 
prefixes s and m u-efer to ship and model respectively. 

'/Ch. ^ ^ 


Let 


and let „Vi = „Fa 


J’l ^ Ui’ ,F /a 

make Ji and „k sata<)fy the conditions that 

/a V 4 = . FaV 4 or 4 = f # 4. 

^ ^ I * ithi 

' If now che models be towed •■simultaneously, each attached to one of" 



401 


PROPULSION OF SHIPS 

the ends of a horizontal lover with an adjustable fulcrum, the position 
of this fulcrum may Ije readily adjusted until the lever floats in its mid 
position, and the relative resistances of the two models are then in the 
ratio of the lengths of the arms of the lever. Let resistance of model (2) 
be n times that of model (1). 

Let E represent wave-making and eddy resistances; E = skin friction., 
Thus resistance of model (2) = = n [„iEi + 

But ^ ,„E 2 = jL’a ^ ^ 



. .•. Total resistance of new ship is given by 

-i- (;■;)”[» I (xr+ ’»^1- 

Of the terms in tliis (ixprassioii J'i, and ,„Z 2 can he readily calcu¬ 
lated, while j/'.'i being equal to Ji\ — ,/'i, can also he obtained, since the 
tolal rosistanc(! J!i of .sliiji (1) is known, while its frictional resistance 
,P'i can he readily calculated. 


Art. 116.—Tun PnoruLSioN or Snirs. 

Of the many sy.stians of mechanical propulsion which have from time 
to lime been devised, only three have attained any measure of success. 
Thes(^ respectively use the paddle wheel, the screw propeller, and the 
hydraulic jet as their i>ropolling agents. * 

The principle undei'lying all these systems is the same, the propeller 
being dcviseal so as to create a sternwards current of water, and the 
corresponding reaction on the propeller providing the propelling force on 
the ship. Thus, whatever system be adopted, if a mass of water of 
weight lbs. i)er second have itf sternward velocity increased by v feet 
par second by the action of tin; propeller, th(! change of momentum per 
(■ r * 

second m this direction = — foot-pound units, and the thrust on the 

propeller is of the same magnitude, lbs., and in the opposite direction. 

Since the thrust varies as the product of C and v, any one of these 
factors may be changed without affecting the thrust if the other factor 
suffer a corresponding change, so that a given thrust may be obtained by 
the comparatively slow movement of a large muss of water, or by the 
quick movement of a smaller mass. Other things being equal, then, an 

H.A. 1) i> 
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increase in the area of the moving stream and a diminution in its 
velocity will tend to efficiency by reducing shock and kinetic losses. 

While this conclusion is verified in practice, iii the case of the paddle 
wheel and of the hydraulic jet (see Art. 116) practical considerations 
soon limit the maximum possible area (sooner in tlie case of the jet than 
of the paddle wheel). In the case of the screw propeller, moreover, 
frictional losses rapidly increase with the area of the screw, while an 
attempt to increase the area by increasing the radius, increases the 
centrifugal action of the water, and by reducing the pressure near the 
centre of the prop iller, tends to reduce the effective thrust. 

Paddle Wheels.—These give excelhmt results in smooth water, and 
where the draught and therefore the depth of immersion of the paddles is 
not likely to vary largely. They are well adapted for river navigation, 
particularly for shallow draught vessels, hut are quite unfitted for use in 
any ocean-going boat which may he exposed to rough weather, and whose 
draught may differ by some feet on tho outward-bound and homeward- 
bound journeys. 

If It = mean foot radius, 

„ jV = number of revolutions per second, i 

then 2 TT It W = Vp = velocity of paddles relative to the ship in feet per 
second. 

If V, he the absolute velocity of tho ship, (Fp — V,) is termed tho slip, 

y Y 

or more correctly the apparent slip, and 100 - ■ is termed the per- 

^ fp 

centage slip. This in general varies from 20 to 30 per cent. The chief 
losses are d)ie to shook at entrance and exit from the water and are 
reduced as far as possible by the use of feathering floats arranged so as 
‘46 enter the water without shock. Where, as is usual, the paddle wheels 
are placed amidships, the stream-line'motion over the run of the ship is 
■ greatly affected, at least over those layers between the surface and the 
bottom of tho wheel, and since tho relative velocity of flow over this, 
portion of the ship is largely increased, the effect is to augment the 
resistance as compared with the towing resistance with paddles removed. 

The Screw Propeller is by far the most important of the three types. 
Its advantages consist in its possibilities of adoption to high speed priihe 
plovers; its depth of immersion, which makes its efficiency largely inde^ 
pendent of a varying draught, and its reduced liability to accident; i^ 
virtue of its sheltered position. . > : 

If P = mean pitch of propeller blades, i.e., the distance ^he boat 
•would travel per revolution if the screw were supposed to rotate in a 
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solid nut, and if Vp is the corresponding axial velocity so tnat Vp = N V, 
then Vp — r, is usually termed tlio slij), or more correctly the apparent 
slip of the screw, and, if*lhis worked in still water, would give the stern¬ 
ward velocity in tli ! propeller race relative to the surrounding water. 
The real slip is the change actually produced hy the screw on the velocity 
of the water in the propeller race, and since the propeller works in an ^ 
accompanying current of water which has an initial absolute velocity 
in the direction of the ship, this is given hy (Vp — V, -f Kn)- 

Evidently the apparent is always less than the true slip, and mtfy, 
if V„ is sufliciently great, heeomo negative. In general, however, it is 
positive and, expressed as a percentage of Vp, has a value of about 20 per 
cent. 

'The real slip is always positive if the screw is to have any propelling 
effect, as will be evident if it bo remembered that it measures the change 
-ill the sternward momentum of the water. 

Owing to th(! centrifugal action of the water, the pressure over the front 
face of the propeller is negative, so that jiart of the total change of 
velocity occurs before the water actually reaches the propeller. There is 
thus a tendency to draw water from the stern of the vessel and to reduce 
the forward pressure over this portion of its surface, with the result that 
the resistance, as compared with the towing resistance, is considerably 
augmented. 

The velocity with which water can be supplied to the screws is entirely 
dependent on the atmospheric pressure augmented by the head of water 
over the screw. Should this be insufficient to give the necessary velocity 
of inllow the column of water in front of the screw is broken and 
“can’tatioii ” is caused, just as in a punip which is being driven at too 
high a speed. 'This may be prevented either by increasing the depth of 
immersion or liy reducing the speed of the propeller. 

The miixiinum efficiency of Wie propeller would appear to be about 
76 per cent., the magnitude of the various losses then probably 
approximating to the following values:— 

Friction losses.9 per cent. 

Eddy losses.10 „ 

Losses by kinetic energy rejected in wake . 6 „ 

Assuming an efficiency for the engine and shafting of 80 per cent, this 
gives a combined efficiency of 60 per cent. 

In spite of much experimental work and theoretical investigation, very 
little is actually known as to the best design of screw for any given con¬ 
ditions. Mr. Proude, after an extended series of experiments, concluded, 

n D 2 ■ . ? 
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ihat the mean effective angle of the screw blade should be 45°, this 
naking the pitch equal to about twice the extreme diameter, and that 
ihe true slip should be about 12J per cent. The blade area, projected on 
i plane perpendicular to the axis of the screw should then bo equal to 


^---square feet, where It = resistance of ship in pounds at the 

' S 

maximum velocity F,.' 

Power Necessary for Propulsion. 

if It = resistance of ship in lbs., and V, its velocity in feet per second 
we have 

Work done in propelling vessel = It V, foot-pounds per second. 
Horse-power to overcome resistance = 


The I.H.P. of the ship’s engines will be considerably more than this, 
because of mechanical friction losses in the engine and propeller shaft 
and, to a still greater extent, because of the inefficiency of the propeller 
itself. In general it may be taken that from 45 per cent, to GO per cent, 
of the energy developed in the engine cylinders is utilised in doing useful 
work. ■ > 

Since It is approximately proportional to F/, the horse-power will vary 
as F/, except at very high speeds, where the wave-making resistance 
becomes abnormal. 


Anr. Propulsion. 

C 

When a jet of water escapes from an orifice in the side of a vessel, the 
force necessary to produce this outflow is equal in magnitude to the flux 
of. 4 nomentum per second across the vetta amtracta of the jet, and acts in 
the direction of flow of the jet. This force necessitates an otherwise 
unbalanced pressure or reaction on the side of the vessel opposite to the 
orifice (p. 110), which reaction tends to move the vessel in the opposite 
direction to that of the jot. > 

Advantage has been taken of this in a system which has been applied 
(though with only moderate success) to the propulsion of large vessels. 
Here a supply of water is drawn into the boat, usually through a veVtical 
pipe opening amidships, by a centrifugal pump driven' by the main 


■ > For a further investigation inte (be action of the iirupeller the reader is referred to ii 

Wperon the action of projieUers by Professor llankioo, “ Transactions lust. Naval Architects, 
53.6 ; also papers by Mr. Vioudc hi vok 6, 8, and 11» of the same Traiisactions^^nd to 
White’s “ Naval Architecture,” p. 543. Also to papers in the “ Proc. Inst C.B.,” vol. 102, p. 74; 
/»oUl22, p. 61; vol. 165, p. 293; and in the “ Trausaetjous Inst Naval Architects ”1897, p. 241. 
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engines, and is then discharged directly astern. The escaping 
stream, in virtue of its reaction on the vessel, does work in propulsion, 
while the theoretical efficiency of the system may be calculated as 
follows:— 

Let A = sectional arcsa of discharge orifices in square feet. 
u = velocity of vessel in feet per second. 
r = velocity of efflux of stream relative to boat. 

Then v. — ii = absolute velocity of efflux of stream, i.c., its velocity 
relative to the surrounding water. 

The initial velocity of the j 
water before being drawn = 0 
into the vessel ) 


Us final velocity in thedirec- \ ^ 
tion of motion of the visssel J 
The weight of water dis- ) _ 
charged per second f 
.-. The change of monien- 1 
turn of the water in the ( ^ U'd r 
opposite direction to that of | p 
motion of the vessel ) 


.■. Propelling force on boat 


, Ml 

=-(i; — a) lbs. 

// 


( 1 ) 

( 2 ) 

( 8 ) 


Work done in propulsion 1 _ ll'.-f r h 
per second ) </ 

Kinetic energy rejected jicr | _ IT A r _ , • 

second in the discharge j 2 // 

.-. Total energy given to jj, ^ ^ 

water per second neglecting + 2 « (v — «)| ft. 

eddy and frictional losses J •' 

*= (,2 _ lbs. (4) 

.-. Theoretical efficiency of \ ^ useful work done by jet _ 2 » (u — «) 


lbs. 


jet 


energy given to jet 
2 u 

i> -j- m" 


( 6 ) 


This has its maximum value, unity, when v = «. 

An examination of equation (1) wilt, however, show that under these 
circumstances the propelling force is zero, and that with a large propelling 
force it is impossible to work under conditions which conduce to high 
efficiency. 




406 


HTDKAULICS AND ITS APPLICATIONS 


Water may be taken into the pumps either through one or more vertical 
9r horizontal pipes at right angles to the axis of the vessel, through pipes 
facing forwards in the direction of the axis, or through vortical or hori¬ 
zontal pipes fitted with a scoop facing in the direction of motion of the 
vessel. In the latter case the offoct is the same as with the inlet pipes facing 
forwards except that the scoop introduces a slight additional resistance to 
motion. If h be the depth of the inlet, the head producing flow along 

the inlet pipe is given by /i -j— feet in the two latter cases, dnd by h feet 


if the inlet opens flush with the sides or bottom of tho boat, and since in 
every case the delivery pressure is that corresponding to the depth of 
immersion of the outlet, less energy is required of the pump per lb. 
of water to discharge at a given velocity with the inlet facing forwards 
than with a plain side or bottom inlet. In any case the total change 
of momentum per second is the same provided the discharge velocities 
are the same. 

Variation of Efficiency with Size of Orifices. 

Assuming the energy of propulsion to he given by k ft. lbs. per 
second (p. 40i), where k is constant for a given vessel, i 


, 8 -1 TF , 

k vr = - iiv(v — u) 

!l 

, „ , AW A W , ^ 

/. k -h tt .- V — -r’* = 0 

Substituting this value of u in equation (5), we have 


Efficiency = 


2n 
u -f- V 


2 . 1 


-y 


1 + 


4 f) k 
AW 


1 _ . /1 j. _ 2 r/ k 
jy A W 


Multiplying numerator and denominator by 1 -f Y 1 -h this 
finally gives 


Efficiency = 


8 + V 1 + 


4 (/ k 


io that the' . efficiency of propulsion increases as the ratio -p incrOfises, 

-ft., in the casV,of any givenboat, as the area of the orifices increases. 
3iit as the qnan'^ity discharged per minute, and also the size of pumn- 
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necessary to give this discharge increase with A, the limit of efficiency in 
this direction is‘soon reached. 

* Example. 

If k = 2'4 and if ^ = 2 square feet, we have efficiency of jet 
4 4 


8+V, + «““ 


= 82’5 per cent. 


Suppose the boot to travel at 15 iiiiles per hour, a = 22 fec't per second. 

Then efficiency = = '825 

■' u V 

.-. 1-175 u = -825 V 

1-175 X 22 

■ - 825 ’ 

Q 81-3:5 X 2 = 62-00 cubic feet per second. 
Assuming the conihined efficiency of engine, puuij), and jet to be 
'80 X -00 X -825 = -390, we have:— 


' = 31-33 feet per second. ■ 




2-4 X 22“ 


550 X -390 


- = 117 i.n.p. 


The most noteworthy cxperininnts on hydraulic propulsion have been 
carried out by the British Government. In 1806 the Admiralty built 
two almost similar gunboats, the Wateridtch and the Viper, the former 
being fitted with jet propulsion and the latter with a screw propeller. 
Their displacements were, Wateruitch 1,101 tons. Viper 1,188 tons. The 
Waterwitch took water in through a vertical opening amidships, passed it 
through a 14-foot ceutrifugal pump, and discharged astern through two 
24-inch nozzles. When discharging 5-2 tons of water per second with a 
relative velocity of 29 feet per second, the engines indicated 760 I.H.P., 
and gave a speed of 9-3 knots (15-71 feet per second) with a jet efficiency 
of 70 per cent. The Viper, with 690 I.H.P., gave 9-58 knots. This 
comparison is, however, rather tinfair to the Viper, as its speed suffered 
from the provision of a double bilge keel, and from its slightly fuller run. 

Iij 1878, the Swedish Government built two torpedo boats, 58 feet long 
—10' 9" beam—and with 20 and 21 tons displacement, the heavier 
machinery of the hydraulic boat necessitating the larger disiilacement. 
The latter boat took in water vertically, and with 78 I.H.P. gave a speed 
of 8-12 knots. The screw boat with 90 I.H.P. gave 10 knots. 

In 1882, the Admiralty had one of a batch of torpedo boats fitted wi^ 
hydraulic propulsion. 
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The details of the boats were as follows:— 



j Length. 

! i 

I Beam. 

Jhauglit. 

T)is|)laccniciit 

I.H.I'. 

1 Speed. 

Screw 

63-0 ft. 

7' (■)" 

3' 8i" 

12’89 Ions 

170 

17’3 knots 

Hydraulic. 

66-4 ft. 1 

7' ()" j 

2' 6" 

14‘4 tons 

1G7 

12f) knots 


The hydraulic boat was fitted with a centrifugal puiiii) 2' 6" diameter, 
running at 428 revolutions per minute, and discharged astern through 
iwo 9-incli outlets. The jnnnp delivorod approximately one ton of water 
per second at a velocity of 87'2.') feet per second (as against 21'28 feet per 
second of the boat), and was fitted with a vortical inlet pipe, provided with 
\ scoop facing forward. 

In each case the efficiency of the pump was approximately 48 jrer cent. 
The last-mentioned tor])edo boats gave the highest jet ■'fliciency, viz., 
r2’8 per cent. The combined efficiency of jet and pump was then 
I4'9 per cent, as compared with an average efficiency of about 
35 per cent, in the ease of a screw projieller. Taking an efficiency 
rf 80 per cent, tor the engine and shafting in each case, though this 
(vould be slightly greater in the case of the pump, wo have the conduned 
jfficiency of propelling moehanism 

Hydraulic*, Screw. 

”^•9 % 52-0 % 

The low efficiency of the centrifugal pump has, in the past, prevented 
Me adoption of the system of jet propulsion on any large scale. As a 
propeller, the jet itself is more efficient than the screw, and there would 
ippear to be no valid reason why, with fne more efficient modern types 
)f pump, the combination should not be made as efficient as the screw 
propeller. 

It should be noted that the system works equally well with the 
lischarge either above or below water level, except that in the former 
jase energy is wasted in lifting the water to the level of,the discharge,. 
)rifice. The advantages of the system are 

(1) No racing of propellers in rough weather; 

(2) No under water obstacles to become entangled in wreckage 

(8) _Ease of control from some central station on the bridge; 

(4) Great facilities for manoeuvring. 
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Act. 117.— Hydraulic Mining. 

The fact that a high*velocity jet of water carries an immense amount 
of destructive energy, was first talum advantage of to any large extent on 
the Pacific Coast of North America. Here, owing to the configuration 
of tlie country, the only available water supply is to be found in com¬ 
paratively small streams, at considerable elevations. The construction 
of a small dam and a flume or ditch to bring the supply to the nearest 
suitable point on the mountain side, and the further construction of a 
pipe lino leading the supply under pressure down the mountain side, 
renders available a comjiaratively small cpiantity of water under great 
pressure. In the process known as Tl^draulicing, chiefly applied to gold 
mining, this supply is led into a pressure box securely bolted to the 
ground at a distance of from 100 to 200 feet from the face of the cliff 
to bo mined. From the pressure box one or two jots, of diameters 
ranging from 1 inches to II inches are led by means of nozzles mounted 
on ball-and-socket joints, and are played on to the face of the cliff, the 
(liibrin being carried away by sluices on which the process of washing 
and amalgamating is comideted. 


ExAMI’TiES. 


(1) A horizontal jet issuing from an orifice 1 inch in diameter dis¬ 
charges 2 gallons per second and impinges normally on a large fixed 
plane. Determine the forci! exerted on the plane and also, neglecting 
losses, the maximum ])rossuro intensity likely to be attained. 


Answer. 


(aCafilbs. 

I,23'25 lbs. per square inch. 


(2) If the above plate has edge.5 curved so as to deflect the stream 
through a total angle of I.fiO", determine the pressure on the plate. 
Answe.r. (iS lbs. 


(3) A jet from a rectangular orifice 6" wide X 1" deep impinges on a 
curved vane (i" wide, with a velocity of (50 feet i)Br second. On incidence 
•the jdt makes an angle of 30° with the plane of the vane, and the portions 
into which it is divided are deflected through total angles of 120° (the 
smaller portion) and 90° (the larger portion). Determine the pressure 
on the plane in the direction of the jet. 

Answer. 300 lbs. 

(4) Assuming a series of values similar to that in qaestion (3) to mov2 
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in the (direction of the jet with a velocity of 80 feet per second, dotermiuo 
the efficiency of the arrangement. ^ 

(5) Two free jets of sectional area 2 square inches and 1 square inch, 
and of velocities 20 f.s. and 80 f.s., are inclined to each other at an angle 
of 60', and combine to form a single stream. Determine the direction 
and velocity of this stream and the loss of energy at impact. 

I Resultant stream makes an angle of 81° 58' with 
j direction of first stream, 
iiswei. I Ygjogjjy _ 21-06 feet per second. 

1 Loss of head = 80‘3 feet lbs. per second. 


(6) A jet propelled vessel has a wetted surface area of 800 square feet, 
and a coefficient of resistance of '004. If the area of the nozzle openings 
is 8‘0 square feet, determine the maximum theoretical efficiency of the 
jet considered as a propeller. Also, assuming the pump efficiency to be 
50 per cent, and the mechanical efficiency of the engines to bo 85 percent., 
determine the efficiency of propulsion. 

(Efficiency = ’836. 

(Total efficiency = '355. 


Answer. 


(7) If the boat of the preceding example is travelling at 12 miles per 
hour, determine the necessary jot velocity and the discharge per second, 
for maximum efficiency. 


Answer. 


: 24'56 feet per second. 


(8) Water flows at 20 feet per second through a 6" pipe forming a 
rj^ht-anglod bend. Find the magnitude of the resultant force tending 
to move the pipe. 

Answer. 215 lbs. 

• 

(9) A jet delivering 8 cubic feet of water per second at 100 feet per 
second impinges tangentially on one of a series of vanes moving at 50 feet 
per second in a direction inclined at 20° to that of the jet. If the vanes 
deflect the jet backwards so that its final direction of motion is the same 
as that of the vane, and if the final relative velocity of jet and vane is 
•8 times the initial relative velocity, determine the pressure on the vane 
in. its direction of motion. 

Answer. 515 Ihs. 

(10) In the Omjhotmd, length 160 feet; breadth 33i feet; draught 18| 
ifeet; displacement, 1,100 tons; the wetted area is 7,640 square fqet. The 
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ollowing correBponding values of resistance and speed were experimentally 
■btained:— 


Speed (knots). 

4 

1 6 

! 

1 8 

! 10 

1 

liesistance (tons) . 

•6 

1-4 ' 

2-5 

4-7 

<10 


Taking / = ’OOOSS (the unit of velocity being 1 knot), and assuming 
Idy making resistance to form 8 per cent, of the whole, determine the 
lagnitude of the frictional, eddy, and wave-making resistances, and 
xpress these as a percentage of the whole. 


Answer. 



■1 IsllOts. 

8 knot^i. 

13 knots. 


Ll»s. 


LI IS. 

% 

Lbs. 

% 

<’rictional resistances . 

8<n 

t,!:-3 

316!) 

5(;-() 

6655 

33-0 

iddy resistances . 

107 

8-0 

448 

8-0 

1613 

8-0 

Vave-making resistances 

346 

25-7 

1!)83 

35-4 

11832 

59-0 


(11) In the previous example, determine the energy actually absorbed 
n projmlsion, and assuming that 45 per cent, of the I.II.P. of the 
ngine is utilised, determine the I.H.l’. at speeds of 4, 8, and 12 
nots. 


jtnswer. 


• 

•1 knots. 

8 knots. 

13 knots. 

Useful horse power 

16-5 

138 

744 

I.H.P. 

36-7 

307 

1651 


(12) In the Mcrtoa, length 360 feet; breadth 87-2 feet; draught 16-26; 
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displacement 3,980 tons, the wotted area is 18,060 feet. The following 
are experimental results:— 


Speed (knots). 

4 

0 

8 10 

_ 1 

i 

12 

13 

Resistance (tons) . 

ro 

2-3 

;!'i) O'O 

9'0 

11'5 


Taking f= -OODIT, determine the ])ercontage rcsistiinee due to frictions 
and to eddy and wave-making resislaneos, at 1, 8, and 12 knots. Also, 
assuming 42 per cent, of energy developed in the engines to be utilised 
in propulsion, determine the I.Il.P. at these speeds. 


Answer. 


4 knots, j 8 Knuls. j 12 kimls. 

80-1 % 

Eddy and wave-making . 3'4 % j 12'2 % 

I.Hi,P. of engines . O.'i’O 511 j 1770 


. (13) In the Grenhwml the length of entrance and of run are each 
75 feet; in the Mnham they are each 144 feet. Determine the 
“ limiting ” speed in each case. 

1‘03 sj 150 = 12’03 knots. 

Answer. ^ 288 = 17-5 knots. 

Note how these values bear out the abnormal increase in wave-making 
resistance at the limiting speed as determined in the preceding ewnples. 
In the Mcrkara the wave-making resistance at 19 knots was found to he 
over 60 per cent, of the total. 

(14) Experiments on a 20-feet model are carried out to determine the 
probable horse-power required in a ship 000 feet long when doing 2'4 knots. 
Determine the corresponding sjieed of the model, and, assuming the value 
of f for the ship to be '00910 and Ijiat for the model to bo '00935, 


Ericlional resistance. . I'O'O % 8/'8% 
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determine the probable horee-powor of the engines if the resistance of 
the model at the corresponding speed is D'Sl lbs. Assume GO per cent, 
of tbe l .TT.r. to do usofnl work at the propeller, and assume wotted area 
of shill = 18,000 sijiiare feet; n for shiji = 1'88 ; for model 1'85. 

, I Corresponding speed = 4-88 knots. 

Answer. ^ ‘ 




CHAPTER XII 


WavcH—of Tmiisniission—of Oacilliitlon —Hinploa. 

Am. 118 .— Waves. 

Waves may be divided into three main classes according as they are 
(a) Waves of TransmiHsion. 

(/)) Waves of Oscillation. 

(c) Ripples. 

In a Wave of Transmission, not only does the wave fonii advance, but 
each particle of water oyer wliicdi the wave passes is translated forward 
during its passage and is finally loft at some distance ahead of its original 





position. Perfect wwes of this type are solitary and the wave itself is 
either wholly raised above or wholly de])ressod below the general surface 
of the fluid. In the former case it is termed a positive; in the latter 
'case a negative, wave. Such positive'waves are formed by the sudden 
opening of a sluice gate admitting a body of water into a long, level canal, 
or may be formed in a long trough by'the sudden immersion at one end, 
of a spud body of volume equal to that of the required wave. The 
negative wave of transmission is very unstable, and always gives rise to a 
train of waves of oscillation. 

Method of Transmission.—If the water when at rest be supposed sub¬ 
divided by a series of equidistant vertical planes, perpendicular to thb 
direction of the wave’s transmission, the columns which they enclose 
suffer the distortion shown in Fig. 184a, during the passage of th^wave 
As the front of the wave approaches one of these columns the pressure on 


WAVES 


415 

ihe plane forming its rear face is increased, and under this pressure the 
plane moves forwards, heaping up the water ahead of it. When the 
column has been raised to its greatest height, at the crest of the wave, it 
presses equally on both front and rear plaiieS, accelerating the velocity of 
the column ahead, retarding that behind, and so increasing its own width 
until it finally comes to rest at its original level. Each successive column 
is in turn disi>laced forward in ihe direction of transmission, and the 
result is that a volume of water equal to that of the wave is displaced in 
this direction. The motion of each particle is very approximately a semi¬ 
ellipse, with its major axis horizontal, liorizontal disjdacements being 
uniform, and vertical displacements proportional to the distance above 
the bottom of the channel. 

Velocity of Propagation.—Imagine the wave propagated in a stream 


Direction of Pf'opagation. 



running in tho opposite dirnetion with such uniform velocity g’as to keep 
file wave form stationary relative to tho banks. 

Then if h be the original depth of water; k the height of wave; V„ 
the velocity at the crest of the wave (Fig. 184 b) 


wo have 



Applying Bernoulli’s equation to the surface filaments where the 
pressure is constant 




li 9 at/ 

{h - 1 - kf 


2.9 


a k-t- fc 


= 1g. 


h + k. 


1 + 


h + k 
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Usuiilly h is small compared willi h, in which case 
\’= J <1 (h + /,) (apin'ox.) 

and if k is comparatively very small, this approximates to 

1 ' = J H k 

Since the distribution of pressure or motion is not alteiMsl by the 


Oirtcl'ion of Propagation, 



Fifi. 1 If -Wave of O.scillal fon. 

motion of the stream, 1’ is the same as the velocity of pmpagation oi 
the wave form in still water. 

The maximum velocity of horizontal translation of the particles 
forming the wave is given by V—Vo, i.i:., by V 

Experiment shows that as k approaches h in value, the wave breaks at the 
crest. 

Aut. Wavks of Oscill.ation. 
in waves of oscillation, as exemplified in the ordinary deep sea wave, 
Jtll^e particles involved in the motion are not transported in the direction 
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of propagation, but oscillate with uniform angular velocity about a mean 
position, in a vertical plane parallel to that direction. In deep water the 
orbit of a particle near the surface is sensibly circular, and the wave form 
is trochoidal. In shallower water the orbit becomes a 2 )proximately 
elliptical with the major axis horizontal. In either case the particles in , 
the surface have the largest orbit.s, the extent of the motion diminishing 
as the depth below the surface increases. The vertical motion diminishes 
more rapidly than the horizontal motion, so that the deeper a particle 
the flatter is its orbit. In deep water the maximum diameter of the orbit . 
diminishes in geometrical progression as the dei^th below the surface 
increases in arithmetical juogression. The following table* gives the 
maximum horizontal and vertical displacements of the particles at 
different depths for waves whose lengths are respectively equal to, and ten 
tinjes as great as the depth of the water they are traversing, the greatest 
horizontal displacement of the particles at the bottom being represented 
bj unity. 


Depth liclow 
Hurfaoc. 

Length of wave = depth of water. 

l.ciij'th of wave = 

=: 10 times depth. 

Horizontal 

displacciiicut. 

Vertiral 

displacement. 

Horizontal 

(lispliiccmunt. 

V^iitical 

displacement. 

At surface. 

267-7 

267-7 

1-204 

•670 

TO depth . 

142-8 

142-8 

1-164 

,-696 

•20 „ . . 

76-2 

76-2 

1-129 

•524 

■80 „ . . 

40-6 

40-6 

1-098 

•464 

•40 „ . . 

21-7 

21-2 

1-072 

•386 

•60 „ . 

6-2 

6-1 

1-031 

•254 

•80 „ . . 

1-9 

1-6 

1-008 

•126 

At bottom. 

1-0 

, 0-0 

1-000 

•000 


The motion of the particles in a wave of oscillation in fairly da 
water is shown in Fig. 184c. Those particles in the crest of the wa 
move forward in the direction of propagation; those in the trouf 
move Wkwards; while those at the mean level have simply vertie 
motion. 

Velocity, Length, and Height of Waves of Oscillation in Deep Water.- 
Taking the surface particles to describe circular orbits of radius r wil 

^ Airy, “ Tides and Waves,” Table IV. 








418 HYDRAULICS AND ITS APPLICATIONS 

angular velocity w, the height of the wave is 2 r. Let I be its length, 
measured from crest to crest. Imagine the wavf form brought to rest by 
imposing on it a velocity equal and o 2 )po.site at every point to that of its 
normal motion, i.e., imagine the oi'hital circle oncontric with a circle of 
radius /f, where 2 s It = I, rolling, as shown in Fig. 184u, on a horizontal 
plane with angular velocity m, and with a linear velocity V equal to that of 

propagation. Then V = o) R = \ 

2 TT 

Under these conditions the velocity of a particle at Q is compounded of 
a velocity w. OK perpendicular to 0 K, ami w. 0 Q parpandicular to 0 Q, 


\ 

\ 

\ 

/ 

/ 

Fig. 184a 

• 

and so apiala w. K Q perpendicular to K Q, so that K Q is normal to the 
surface at Q. If now be the velocity of a j)article in the crest, and v 
the velocity at any otlier point Q in the free surface, and therefore at the 
same pressure, 

r 2 

... + 

■ { h' A'" - (If - if } = »• (1 - cos d). 

Bat Q A“ = {R — r cos Sf -f ir sin Of 

= — 2 if r cos d + »■“ 
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and on Bubstituting this value and simplifying we have— 
I _ 1 I (1 _ cos 0) = (' 

^ h 

. •. V = m II — V tj Jt 

/'/ !■ 

= V 


( 1 ) 


i.e., in deep water the velocity is independBiit of the height of wave and of 
the depth (jf water, and depends only on the length of wave. This is true, 
within small limits, so long as the depth of water is greater than one-half 
the length of the wave. 


In sliallow water the velocity of propagation becomes e(iual to .y' 


/ll. ?! 

2ir a 


where a and h are the hori.iojitaI and vertical axes of the elliptical orbit, 
and vary with the depth of water. In waves which are very long 
comparoil with the dtipth, the V(!locity approximates to V (jIt, where h is 
the depth, so that as the water becomes shallower and shallower the 
velocity approximates more nearly to that of the wave of translation. 
The wave of oscillation in shallow water is indeed intermediate between 
the true wave of oscillation and the w’avo of translation. 

There is no definite relationship between the length and height of 
waves. Both depsnd largely on the velocity of the wind which has raised 
them, and on the distance travelled under its influence. Where this 
distance is great the velocity is practically identical with the mean 
velocity of the wind.’ For short “fetches,” such as are usual in 
reservoirs, Stevenson gives the formula. 

k = 1-5 V l; 4- 2-5 - ‘ 

where k is the height of wave in’fiiet, and D is the “fetch” in miles. 
As deep sea waves approach a shallowing beach, the orbital motion of 
their lower particles is chocked, they partake to an increasing extent of 
the nature of waves of translation, and finally usually break when the 
depth of water is little more than the height of the wave. 


Art. 118b.—Eipples. 

So far it has been assumed that the only forces involved in wave 
formation and propagation are those due to the masses of the particles of 

^ Dr. Vaughan Corniah, *• Cantor Lecture,” 1912. 

E E 2 
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water. In large waves this is sensibly true, but in small waves, the 
, curvature of whose surface is comparatively great, the modifying effect of 
the forces called into play by surface tension becomes appreciable, and in 
very small waves becomes the predominating factor. The effect of surface 
tension is to increase the sub surface pressure under the crests and 
to reduce that under the.troughs of the waves. If T bo the surface 
tension in lbs. per linear foot of surface, and if p bo the radius of 
curvature at any point, the resultant increase or diminution of pressure 


in feet of water is given by 


T 

Wp 


feot. 


Assuming the wave to be of trochoidal form, the horizontal and vortical 
displacements of a particle since leaving the crest are given by— 
x = RO (approx.): j/ = r (1 — cos 6). 

1 'll T 

••• - = ^^.(approx.)=^^^, COS0. 

If the pressures at the crest and at any other point Q (Fig. 184 d) are 
not equal, but are respectively Pc and p lbs. per square foot, wo have:— 


V 

^9 


" - ‘Ig W 




T 1^ 
'' W 


(1 — cos 6) 


But r cos 6 — r=. R — ljr{l — cos 6) (1) p. 419. 


}l ’ Dfi 


JL9 

wit^ 


y^=oii^+ 


Tg 

WB 


- ? i X ^^9 'y 
Wl ' 


For water at 80° F, T = •OO.'i lbs. per foot (approx.), and on 
substituting this value, the quadratic becomes 

I = -0975 ± V W6 F‘ - -00324. 

For this to have real roots V* must be not less than '342, and V not less 
than ‘766 f.s., or 9'2 inches per second. When V has this value, I = 
•67 inches. 

((For higher values of F, fhas two values, one less and one •great®; 
|han '67. The greater value represents the length of the ordinary wa#‘ 
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of oscillation in which surface tension plays a comparatively small part, 
while the smaller value i^presents the length of the wave in which surface 
tension is the predominating factor. Such.waves are called ripples. No, 
wave or ripple can be produced by a moving object whose velocity is less 
than this critical value of 9‘2 inches per second, and a breeze of veloeitj^., 
less than this has no power to ruille the surface of a still pool. 



Sl'.CTION III 


CHAPTER XIII 

IJydiaulIc rrlme Movers-Wn(or-Whuels—The Overshot - Breast—Side—Uriflorshot and 
Poncolot Wheels—Tiie )‘cltoii Wliecl--Losses—Form and Number of liuekets—Speed 
Ile|?ula?ion- Jets from Needle-nozzles—Typical rnstallations—Suminary. 

Aut. 119.—IlYinumjc Primb Movers, WATBii-WnRBi,8. 

Ai.Tiioiiaii tliH question of the nliliEiitiou of natiiriil water powers has 
always bean one of great economie iinportanoe, the introduction and per¬ 
fection of (ilectrical niannfaetining processes, and the possibility of 
transmitting electrical (mergy without great loss or expanse to a great 
distance from tin", place of its generation, has of recant years made it 
practicable to lake advantage of many water powers far remote froni large 
centres of industry and has raised tlic whole question to an altogetl'ier 
higher piano of importance, while the consaqnont demand for hydraulic 
prime movers capable of devcdoiriiig large powers in single units, and of 
satisfying the exhaustive demands of such installations in the way of 
speed regulation and efficiency, has led to a gnait transformation in the 
design of such motors. 

The first hydraulic prime mover consisted of a wooden paddle water¬ 
wheel dipping into the current of a stroain, and as such a motor w'as only 
required to do the work previously parformed by an animate agency, the 
power required was small and the efficiency of only secondary importance. 

The construction was at first of tljo most primitive type, hut was 
gradually improved; iron took the place of wood ; improvements in design 
led to increased efficiency; the demand for greater powers led to the 
necessity for utilizing larger falls and the consequent development of the 
breast and overshot wheels, until a type of wheel was evolved, which 
within its limitations was as efficient as the mo.st modorn of turbines. 
Its chief disadvantages lay in its slow speed of rotation, the impossibility 
of close speed regulation, and in the large size of wheel required for even 
small powers; and while for the pui'iioses for which the motor wfis first 
required these were ,not serious, the introduction of more modern 
maoliingry, more particularly for textile purposes, involved the necessity 
lor a motor which, having a fairly high speed of rotation in order to avoid 
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excessive loss in gearing, should be capable of close speed regulation and 
of taking advantage of lygher falls and of largo quantities of water. For 
such pur|)oses the water-wheel was almost, entirely suj)crs(«]ed by one or 
other tyj)e of turbine. 

The introduction of electric driving with its largo and almost iustan- 
taiKions changes of load, while giving an additional llllip to the manufacture 
of high-speed turbines, had its greatest effect in modifying and irerfeeting 
the nuithods of speed regulation, and in increasing the size of the unit, 
while at the same time rendering it imperative to design a motor which 
should 1)0 highly eflicient under a wide range of loads. 

The success which has attended the attempt to satisfy these onerous 
conditions may ho inferred when it is rememl)eredthat many manufacturers 
will now guarantee to construct a turbine which shall give an efficiency of 
over 80 per cent, over a range of loads of 50 per cent., and which shall 
i-espond to im increased demand for power of .38 per cent, with less than' 
3 5 per cent, variation in speed. With smaller load variations the speed 
variation is almost infinitesimal, and it becomes easy to run a series 
of allei'iiating current machines in step with such motors. 

The design of hydraulic motors has thus proceeded by well-defined 
stages, the size and efficiency steadily inci'casing until at the i)resent time 
a single unit develo|)ing 15,000 II.P. and. giving iin efficiency of 85 per 
cent, is not at all umaunmon, while further development promises to 
proceed in the direction of still hirger units. So far, indeed, as mechanical 
difficulties affect the question, there appears to be no reasqp why units 
developing up to fit least 25,000 il.P. should not be constructed directly 
the demand arises. 

Wherever fi continuous su 2 jply of water at a sufficient elevation, or in 
motion as in a stream, is avfiihihle, the potential or kinetic energy which 
this possesses may he turned iry;o useful work. 

Before etnharkiug on any iiower scheme for utilising such energy, it is 
however of the highest importance that the true possibilities of the scheme 
should he ascertained, for as the usefulness of the supply dejiends in most 
cases on its uniformity over long periods of time, the maximum available 
powjer is strictly regulated by the least power which is available after the 
longest iM'obable period of drought. 

This minimum supply can only be satisfactorily ascertained by investi¬ 
gation of past records extending ovef many years. Where such records 
are not available, every attempt should be made by a close investigation 
of the rainfall records for the particular districts over a long period of 
years, and of the character, condition, and area of the gathering grouiid,* 
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to estimate the minim inn snpplj’ likely to he available under the worst 
probable combination of circumstances, and the scheme may then, and 
not until then, be developed.. 

’ The method of utilizing the supply depends largely on its magnitude, 
form, and locality. Where, though comparatively small, it is continuous, 
the available horse-power may be largely increased by the formation of a 
storage.reservoir capable of impounding at least a 24 hours’ inflow. By 
this means energy may be utilized for the eight hours or so comprising a 
working day at a rate greatly in excess of the mean rate of inflow. 

Where the natural configuration of the country necessitates the power 
plant being jdaced at some distance from the storage reservoir, the supply 
is usually led through an open canal or ditch having a slight gradient, 
into a smaller storage reservoir termed the forebay, which is placed as near 
to the power plant as possible. Prom the forebay the sufiply is then taken 
to the prime mover by means of a closed pipe termed the penstock. 

In the case of a water-wheel installation the penstock may consist of an 
open channel. 

The supply of water to the prime mover is regulated by means of 
sluices or gates, which may either form an integral part of the machine, 
as in the case of most turbines, or may be fitted in the supply pipe or 
channel. 

After doing work, the water is rejected into a discharge channel termed 
the tail-race. 

The most suitable type prime mover for any particular case 
deiiends on— 

(1) The quantity of water available. 

(2) The supply head. 
r.(3) The regulritay of flow. 

(4) The possibility of floods. 

, (6) The purpose for which power is required. 

Those types in general use consist of— 

(1) W'ater-wheels. 

(2) Turbines. 

(8) Piston engines. .. 

Each has its own sjihere of usefulness, and in determining the type to. 
be adopted each installation demands special consideration, guided by the 
circumstances peculiar to the case. 

In general, the water-wheel is only suitable for small powers and for 
comparatively low heads and where close speed regulation is not essential. 
Its efficiency is greatly affected by a variation in the supply and in the 
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bead or tail-race levels. It is of great size and weight in proportion to 
the power developed, and has a low rotative speed. On the other hand, its 
construction is simple, its repair inexpensive and easy, and the construction 
of the supply channel, tail-race, and housingin general inexpensive, while 
for heads of less than 1 foot it forms the only suitable type of motor. 

For all heads above 1 foot, where large power is desired, one or other 
type of turbine becomes suitable, while in certain cases for comparatively 
small powers, and where a high head is available and a slow rate of 
rotation is required, the piston engine is most satisfactory. 

In passing through a prime mover, water may do work either by 
changing potential energy or kinetic energy or pressure energy into 
work ; or by a combination of these processes. 

In the overshot water-wheel, for example (Art. 120), rotation is pro¬ 
duced almost entirely by the weight of the water; in impulse wheels 
• deriving their motive force from the impact of a high velocity jet of 
water, work is done solely in virtue of the kinetic energy of the jet; in 
turbines of the reaction type the pressure energy of the water is partly 
changed into kinetic energy in the wheel itself, this being absorbed in 
producing rotation of the wheel; while in a piston engine the water does 
work in virtue! of its pressure, its velocity being so small as to be negligible. , 

In designing any type of hydraulic prime mover, certain general 
principles should be Iwrne in mind. 

(a) All shock, whether of water on moving or stationary surfaces, or on 
water moving with a low velocity, should bo avoided as being jproductive 
of loss of energy in eddy formation. 

This may be prevented by arranging that as far as possible any stream 
of water on meeting a solid surface is moving tangentially to the surface, 
and that passages convoying the working fluid are not subject to abrupt 
changes of sectional area or of foim. 

(ft) Abrupt changes in the direction of motion are productive of eddy 
formation and should be avoided by designing passages and channels with 
as far as possible an uniform or gradually changing curvature. 

(c) Frictional losses should he reduced to a minimum by reducing the 
area of the wetted surfaces to a minimum compatible with easy curves 
of flow, and by reducing the relative velocity of flow over such surfaces 
to a minimum. 

(d) As far as possible, the motive fluid should be rejected devoid of 
energy, and therefore moving with as low an absolute velocity as will 
suffice to carry it out of the motor. 

The possibility of conforming to these general principles varies with ttof 



426 


HYDEAULICS AND ITS APPLICATIONS 


type of motor. In general, apart from mechanical friction, water-wheels 
suller chiefly froni the causes outlined in sections (a), (h), and (d); tur¬ 
bines from those in seclioiv< («), (c), and (d); while losses due to shock 
and eddy production, (a) and (h), are all-important in piston engines. 

These typiis of prime mover will now bo considered somewhat in detail. 


Aar. 120.— The OvRnsnoT Waieh-Wiieel (Fio. 18,')). 

In this tyj)B of wheel water is sujiplied near the highest jioint of the 
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circumference to a series of buckets formed by vanes connected at each 
end to circular shrouds, the bottoms of the buckets being formed by the 
inner circumference of the wheel. For convenience of construction the 
vanes are often made of wood and in two parts, the inner part being radial 
and the outer inclined to this at an angle depending on the speed of the 
wheel and the velocity of the supply stream. 



OVERSHOT WATER-WHEEL 


427 


A preferable form of bnekct is that indicated at P (Fig. 185). Here 
the vaiMS, usually of tiudul, are made in a single piece, iind have a con¬ 
tinuous curvature throughout. 

Theory of Action. -Let l[ he the total head available. A certain pro¬ 
portion of thi.s head must tirst be utilized in giving the supply water 
sufficient velocity to carry it into tlu! wheel buckets. If hi is this head, 
the velocity will then be given by r = ij'lfih,. 

A small clearance must be allowed betwe.m the highe.st point of the 
wheel and the hotloiii of the inlet channel, this clearance being usually 
about 1 inch. 

A rather larger clearance K, must in general be allowed between the 
lowest point of the wheel and the level in the tail-race, so as to prevent 
submergence of the wheel buckets in time of flood. 

In general S-i is about (1 inches, but depends largely on the special 
circumstancos of the plant. 

Finally, a C(a-tain prop u'tiou hi of the head must be devoted to produc¬ 
ing velocity of flow along the tail-race, so as to give a free discharge from 
the wheel. 

The outer diameter of the wheel buckets is thus limitod to 11 — (hi -j- 
hi) - (8i + Si). 


Lot It = outer radius of wheel. 

„ r = inner „ 

Then 2 11 = 11- (h + hi) - (S. -f- S^). 

The depth of buckets depends on the diameter, breadth and. velocity of 
wheel, and on the quantity of water to be utilized. 

Let Q = quantity of water per scicond in cubic feet. 

„ w r= angular velocity of wheel in radians per second. 

„ h = brea,dth of wheel, 

and .since the buckets are nevau' (^miplettily filled with water, let x= frac¬ 
tion of bucket volume occupied by water. G enerally x lies betwcion J and §. 
Then wo have, iniglecting the volume occupied by the wheel vanes. 


Bucket volume jjassing | 
inlet per second 


= It (IP — 1 ^) X - X b cubic feet. 


Q- 


x (It!^ — 1 ^) <i> b 
'' 2 


cubic feet per second. 



<0 h X 


giving r, and therefore K — r, the depth of the buckets. 

To avoid excessive loss under low heads this should bo as small as 
practicable. 
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Efficiency of Wheel. —Soon after the buckets pass the centre line of the 
wheel they begin to empty, at A (Fig. 185), jvhilo they are completely 
emptied by the time they reach the position B, where the outer part of 
the bucket is horizontal. If then h is the mean vertical distance through 
which the water is carried before being discharged, the work done in virtue 
of its weight = IF Q h foot lbs. per second. 

It may readily bo shown that the efficiency is a maximum when the 
peripheral velocity is one half that of the inflowing stream. A consider¬ 
able increase in speed has, however, very little effect on the efficiency. 
The most important effect of such an increase is due to the timdency to a 
premature emptying of the buckets by increased centrifugal action. 

To prevent loss by splash and shock at entrance to the buckets, the 

vane angles should be so 
arranged that the- rela 
tive motion of water and. 
vane at entrance is 
parallel to the tip of the ' 
vane. Thus if a h (Fig. 
185) represents the Ve¬ 
locity V in direction and 
magnitude, and if c h re¬ 
presents the linear velo¬ 
city, 0 ) li of the vane, 
then « c represents the 
velocity of tlie water 
relative to the vane, and for the water to enter by sliding along the vane 
this should be parallel to a c at entrance. 

<i The general practice is to form the bucket tips so as to make an angle of 
25° to 80° with the tangent to the circumference at the tip. This gives a 
bucket which retains the water for a "ertical distance equal to at)out '8 of 
the wheel diameter. , 

If this angle be the bucket is not completely emptied until the wheel., 
has turned through 180° — /3. 

Having drawn in the profile of the buckets, if a straight line d i (Fig. 
186) be drawn through the bucket tip so as to enclose an area d c / ^ 
la X bucket area), the water will begin to escape from the bucket when 
e d becomes horizontal. When / c becomes horizontal the bucket is 
completely emptied. Thus with radial vanes the water is entirely emptied 
from a bucket by the time it has fallen to the level of the wheel atle. ... 

Water may be retained in the buckets until these are near the low44f 
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point of the wheel, by enclosing the discharge side of the wheel below A 
in a closely fitting shrouding, with as small a clearance as possible 
(Fig. 185a), and by this means the efficiency may be increased. This 
method has the further advantage that the relative velocity of discharge 
is now increased by the head of water in the buckets, and as the direction , 
of this motion is opposite to that of the wheal, the absolute velocity of* 
discharge,. and therefore 
the kinetic energy rejected, 
is reduced. 

Effect of Varying the 
Tail-Eace level.—If the 
tail-race level rises so that 
the wheel is partially sub¬ 
merged, cousiderablo re¬ 
sistance to rotation is 
caused if the vanes move 
in the opiwsite direction 
to that of How in the tail- 
race. By reversing the 
direction of inllow, how¬ 
ever (Fig. 180), the direc¬ 
tion of the tail-race flow 
becomes the same as that 
of the buckets, and these 
may now become partially 
submerged without serious 
loss of efficiency. 

Further advantage may 
be taken of the fall by ar- „ ' \ , ..u „ Tr „ ' 

ranging a masonry breast- / 

work A (Fig. 187) to fit the wheel closely, the tail-race level being now 
slightly below the level at which each bucket finally empties itself. The 
compartment B is kept dry either by draining into a sump where practica- 
, hie, or by means of a small pump driven by the wheel. 

To avoid running at inconveniently low speeds either of two expedients 
may be adopted. The first is to run the wheel at a speed from 50 to 
100 per cent, in excess of that giving* maximum efficiency, when, since 
velocities are small, the amount of energy wasted by shock at entrance is 
not considerable. 

The second expedient consists in giving h a larger value, and in taking. 
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the supply by means of a closed guide passage of suitable depth out of the 
bottom of an open forebay (Fig. 188). ^ 

The velocity of efflux is Iheji increased, and the velocity of rotation may 
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be increased proportionately. The (liiiuiiitcr of the wheel is reduced, and 
also its width for a given volume of water. A cheaper wheel, and one 

rotating at a more coiivo- 
nieut speed for transmission 
purposes is thus obtained. 
The efficiency is, however, 
slightly reduced, since losses 
due to shock and friction 
a,re increased hy the higher 
velocities, as are the losses 
due to rejection of kinetic 
energy in the tail water, 
while in addition, the in¬ 
creased centrifugal actioii, 
tends to empty the buckets 
sooner. The latter action, 
however, while reducing the efficiency of the wheel, tends to make it, to a 
certain extent self-governing under variable loads, since a diminution in 
load, fbllowod by an increase in speed, tends to empty the buckets. 
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The following results of experiments by Smeaton indicate to what extent 
the efficiency is lowered bj increasing the proportion of the total head 
absorbed in giving velocity energy to the supply water. 


Diiinicier of 

'loiul Hwiii n 

Proportion of Total Mead 
absorbe<l in giving V'llocily 
to supply W'^ater. 

Efficiency. 

•90 

•10 

•73 

■84 

•K) 

•09 

•80 

•20 

•06 

•73 

•27 

•02 

•(18 

■32 

•59 


Regnlatiou is usually performed by a sluice governing the discharge 
from the penstock. 

The overshot wheel is well suited for small powers and heads ranging 
from about 1.5 to 50 feet, and when working under suitable conditions 
gives efficiencies up to about 80 per cent. As the head diminishes, the 
larger proportional loss of head necessitated by the depth of the buckets 
and by the clearances Si and Sj renders the wheel less efficient, and for 
heads between 15 feet and 6 feet the breast wheel becomes more suitable. 

Abt. 121.— The Bbeast Wheel (Fio. 189). 

Here the wheel itself is almost identical with the overshot. The 
principles of its construction and of the design of its buckets are the 
same, but water is now admitted to the buckets at some point in the 
breast of the wheel. 

As before, the supply may be brought to the wheel either in an open 
supply channel under a comparatively low head not exceeding 1 foot, in 
which case the supply is led on beljw the wheel centre, or by means of a 
closed supply pipe under a greater head, when the supply is led on above 
the centre. The general arrangement in each case is indicated in Fig. 189 
a and i). The water is prevented from escaping from the buckets before 
reaching the bottom of the wheel by means of a breastwork of masonry, 
the clearance between the wheel and masonry being reduced to the mini¬ 
mum possible, usually about -fg inch. The necessity for this breast-work 
renders the wheel more expensive than the overshot. Regulation is per¬ 
formed by throttling the supply by means of sluices arranged as indicated 
in Figs. 189 a and 6. 
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As in the case of the overshot wheel, .the maximum efficiency is obtained 
when the bucket angles are arranged so as to jgive entry without shock 
and when the peripheral spepd of the wheel is one half v cos a. Here a 
is the angle which the direction of the inflowing stream makes with the 
.tangent to the wheel at the point of entry. 

For maximum efficiency the level in the tail-race should be the same as 
that in the buckets at discharge. In this type of wheel, on account of the 



manner of filling the buckets, special ptovision must be made for letting 
air out as the water rushes in. To this end air vents are usually formed 
in the inner circumference of the buckets. The wheel is capable of more 
accurate speed regulation under varying heads than is the overshot, and 
its efficiency under favourable circumstances may be as high as 65 per 
),eent. 

Art. 122.—The Side Wheel. 

Where the fall is between 3 feet and 6 feet, the breast wheel becomes 
tmsuitable because of the smallness of its diameter, and in such a case the 
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Sageliien wheel may be adopted.' This wlioel (Fig. 190) has hnckets formed 
by a series of flat vanes, which are tangential to a circle concentric with 
the wheel itself. The bncliets are open top and bottom, and are of com¬ 
paratively great depth. The wate.r enters the buckets with a velocity 
sensibly the same as that ii> the approach channel, the vane angles being 
iletermincd as indicate,d in the iignre, so that the vanes enter the water 
without .shock. 

A circular casing is provided in which the wheel works with little 
clearance, and which connects the head and tail-race. Then, neglecting 
leakage between this casing and thi! vanes, each bucket retains its supply 
until it passes its lowest point of the wheel, after which communication is 



made with the tail-race, and the level in the bucket falls to that of the 
sail-race water. For maximum ekiciency the wheel should be designed so 
shat lh(! level in the bucket on reaching the bottom of the wheel is the 
same as that in the tail-race. 

If u, represents the relative volocily of water and bucket at entrance, the 
ivater will rise initially to a height in the bucket abovi! that in the head- 

V ^ 

•r.ee, this height being given by and the depth of bucket should be 

mch that in time of flood this does not cause flow to take place over the 
nner end of the buckets. 

In this wheel the velocity of rotation is proportional to the flow, and the 
wheel-is thus capable of dealing with large quantities of water. It is 
lowever, unfitted for driving a variable load, since an increase in load, by 
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causing a diiniiintion in speed, reduces the flow through the wheel, and 
thus reduces the energy supply when it is most needed. Its peripheral 
velocity is low, and on that account it is well adapted for driving a 
pumping plant or miljing nmcliinery where the load is uniform and where 
high velocities are not required. 

The chief losses occur during the emergence of the vanes from the tail- 
race. Owing, however, to the slow speed of the wheel, all hydraulic losses 
are low and an efficiency of up to 80 per cent, may be obtained under 
favourable circumstances, though the large size of the wheel and its 
comparatively costly construction very largely counterbalance the 
advantages of high efficiency. 


1 

■ 


1 

1 

1 

■ 
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Am. 123. —The Undershot Wheel. 

For heads below 3 feet the undershot wheel is preferable. In its 
I simplest form this consists of a 

wheel carrying a series of flat 
radial vam^s around its circum¬ 
ference (Fig. 191). These |dip 
into the water flowing either 
through an ojnii channel or 
through a penstock of slightly 
greater width than the wheel, 
and are arranged so as to clear 
the bottom of the penstock by 
about ^ inch. In some cases, 
tlie penstock itself is curved to 
fit the wheel, and leakage past 
the buckets, in the interval be¬ 
tween successive buckets arriv 
ing at the lowest point of their path, is then largely prevented. 

In this wheel, work is done solely in virtue of the kinetic energy of th, 
moving stream, the force on the moving vanes being due to tlio change of, 
momentum produced in the stream by their presence. 

For maximum work the peripheral velocity should be one Walf’theJ 
velocity of flow of the stream, in which case the theoretical effieienhy. 
is '5. 

Owing to mechanical friction and hydraulic losses this efficiency isl' 
however, reduced to about 85 per cent., and the maximum efficiency 
obtained with a value of ly, slightly less than ^ v (Fig. 191). 




Fia. lOl.-Tlio Undershol, Wheel. 
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Am. 124.—The Poncelet Wheel. 

If the vanes of an undorsbot wheel, instead of being radial, are inclined 
backward so as to nniko an angle /? at the tips with the tangent to the 
oircumference, and if a be the angle between the direction of the approach 
stream and this tangent, thou by suitable adjustment of a, p, and the 
speed of rotation, the loss due to shock at entrance may be prevented, and 
at the same time the discharge water may be given a backward velocity 



rfelative to the wheel, thus reducing the absolute velocity of discharge and 
the loss by rejection of kinetic energy to the tail-race. 

With flat vanes the best results are obtained when p is about 30°, 
and efficiencies of up to 55 per cent, may then be obtained. 

In the Poncelcl wheel (Fig. 193) these vanes, instead of being flat, form 
arcs of circles, and with this type of wheel efficiencies of from 60 to 70 
per cent, are usual. , 

To determine the correct vane angles, let 

AB (Fig. 192 a) represent the absolute velocity of water at entrance. 

CB represent the absolute velocity of vanes. 

Then AG represents the velocity of water relative to vanes, and to 
avoid shock, the vane lips should be parallel to AC. 

Again, at the discharge point, let 

B'C = velocity of vanes. 

C'A’ = velocity of water relative to the vanes. 

Then B'A’ = absolute velocity of discharge. 
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Lfit r = initial velocity of water. 

,, V/ ~ final „ ^ 

„ -c, = relative „ , „ „ and wlioel. 

„ u = velocity of buckets. 

On entering the buckets the relative velocity is v„ and in virtue of this 

r “ 

the water will rise to a height approximately equal to feet above its 
normal level. 

It then falls through this height relative to the wheel under the action 
of gravity, so that on leaving the wheel its relative velocity will again be 
approximately equal to r,. This assumption neglects the effect of 
friction and of eddy formation in the buckets, both of which tend to make 
the final less than the initial relative velocity. Assuming, however, for 
simplicity that i\ is the same at inlet and at discharge, we have 
AC = G'A' = V, 

CB = B'C = 11. 

For Vf to bo as small as possible with a given value of v„ evidently 
.4'if' should be perpendicular to B’C. 

The two diagrams may now be combined graphically so as to giye the 
most suitable angles o and ^ by making ,4'6'' coincide with ,46'. 

Thus, draw c h (Fig. 19‘2 h) = a and produce h r. to //, making 
})’ c = c h. From h' draw a perpendicular to h V, and with h as centre 
describe an arc of a circle with v as radius to cut this at a. Join a c. 

Then irc = 1 )^', abc = c b' = fi. 

Frofn the figure it is evident that for minimum loss of kinetic energy at 
discharge we must have v cos a = 2 n. 

V 

.-. M = ,7. COS o. 
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With a = 15°, the maximum theoretical efBciency is "OS. 
Again (Fig. 192), 

*M sin (3 = r sin (/8 — a) 

V 

^ cos a sin ^ = u sin (/J — a) 
cot /8 tan n = i 

A 

tan /8 =: 2 tail a 

If a = 15", tan (i - -5358 

■ 8 = 28 ' 2 ". 


Actually, because of hyJraulie losses caused hy relative motion of the 
mass of water in the buckets, and which aro jiroiiortional to )>/, it is found 
advisable to diminish the relative velocity slightly by giving the vanes a 
velocity varying from '5 to •(! v. Under these circumstances the 
maximum working efficiency is obtained. 

Tlio construction of the wheel is substantially as shown (Fig. 193). 
The buckets are oiicn botli at their inner and outer circumferences, and 
to prevent water at impact from flowing into the inner part of the wheel. 


'V ^ 

the depth of buckets should bo not less than ]i -|- , where h = 

thickness of stream, lii practice h should not exceed 9 inches. 


i( sin u 

But r,, = — * - 

sin t/tf — o) 

.'. taking a = 15°, ^ = 80" (ajiprox.), we have a, = a = '55 v (approx.), 
and taking = 2p J[, whore Jl is the supply head, we have 

j.'A 

Depth of buckets = '3 ^ + h 
-.■3 U + h. 


In practice the depth is usually taken as -g + li. 

The spacing varies so as to give about forty-eight buckets in the 
circumference, the maximum spacing being about 16 inches. The most 
suitable arc of water contact is about 30". Since at all points of this are 
the direction of the approach stream should make an angle /3 with the 
tangent Tio the circumference, the approach channel is not straight but 
has a bed curved so as to fulfil this condition. 

To draw this curve, let K and M (Fig. ,193) be the extremities of the 
arc of contact, and from K and .1/ draw K 0 and M 0 perpendicular to 
the required directions of the stream, i.c., making an angle o with the 
normals at K and M, and intersecting in 0. Then an approach bed. 
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having as profile the arc described with centre 0, and passing through M, 
will give the required inclination at K and M, and approximately for .all 
points between. ‘ 

Regulation is performed by an adjustable sluice S, whose position is 
regulated by some form of centrifugal or float governor. In order to 
prevent loss by leakage past the vane tips the supply bed is extended to 
form a circular lip closely fitting the wheel. This should be no longer 
than is necessary to give contact with two vanes at once. If made too 
long, the water on flowing down the vane's, instead of freely escaping vfith 
relative velocity v„ meets this lip, its relative velocity is destroyed, and on 



emerging from the lip it escapes with' the forward velocity of the vane as 
in the ordinary type of undershot wheel. 

In common with all impulse wheels, for efficient working the vanes 
must not be submerged, and the level of the supply bed must be sufficiently* 
above that of the t.iil-raee to obviate any flooding. This wheel is wel} 
adapted for heads between 4 and 7 feet. Its speed is fairly high,'and,the 
consequent fly-wheel effect renders it easy of regulation under variable 
loads. 'f 

Its part-gate efficiency is high if the head be kept fairly constant, but 
with very variable heads, owing to the variation in velocity of>.approach'I 
its efficiency is not so good. 
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Art. 125.— The Pblton Wheel. 

The Pelton wheel (Fig. 194') is the only form of water-wheel which is 
adopted for use with high heads, and whera a limited supply of water 
under such a head is available it often forms the most suitable type of 
prime mover. In such a case the turbine proper, with the exception of, 
the Girard type (Art. 129), is unsuitable, as will he seen later (Art. 128), 
while where the supply water is charged with sand or similar matter in 
suspension, as is not unusual, the Pelton wheel, on account of the 
simplicity of its construction and of the ease with which its buckets can 
he renewed, has manifest advantages over the Girard turbine. The 



Kia. 19-4.—l*cltoii Wheel. 


pressure water is supplied through' a pipe line terminating in one or 
more nozzles which play on to a series of buckets fixed around the 
periphery of the wheel. 

The latter is a development of the old hurdy-gurdy of the Pacific Slope. 
This consisted of a wheel having a rim to which a series of flat plates 
were ifxed radially, the jets from one or more nozzles impinging freely 
on these and causing rotation. Under these conditions, the theoretical 
eflSciency cannot exceed 50 per cent. (p. S78), while in practice loss by 
splashing, friction, etc., reduces this to about 80 per cent. 


* B/ courtesj of Messrs. Gilbert, Gilkes k Co., Ltd., Kendal. 
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The first important improvement in the machine was made about 
1870, wlien the flat plates were replaced by hemispherical cups 
fixed alternately on each ^jido of the centre lino of the wheel with 
their concave sides to the jot. This was 
known as the Cascade wlniol (Pig. 11)5). By 
this means the jet w'as deflected backwards, 
and the theoretical possibilities of the whoel 
were at once doubled (see p. 1)78), the maxi¬ 
mum theoretical efficiency bocoiuing unity. 
The next stop was to replace those cups by a 
series of concave buckets mounted on the conlro lino of the wheel, fitted 
with knife-edged ridges to s])lit the jet and having surfa(!(!s curved so as 
to give tho jot its backward deflection as smoothly and uniformly as 
possible. Several types of bucket have been designed with this end in 
view and sorao of the more successful arc illustrated in P’ig. lUC (a, h, 

and e) and in P’ig. 197 



Fni ID.',. 



(a and h). 

Wliilo the type of 
bucket fitted with a lip, 
as shown in P’ig. 19fi 
(h) and in Pig. 197 («), 
is common in practice, 
it does not satisfy tho 
conditions necessary 
for higli elliciency so 



FUf. I9f.. 


well as tho bucket 
which omits that por¬ 
tion of the lip in tho 
line of the jet as shown 
in P’igs. 19(1 (« and c) 
and 197 (/;). The lip 
and ridge of the bucket 
deflect the jot in two 
planes, approximately 
at right angle's, and 
as the paths of the 


streams thus foianod cross, a certain amount of energy is dissipated by 


their impact. Puthonnoro, tho lip tends to dofloct the jet radially inwards 


towards the rim of the whe/d, in which case some fouling of the silcceeding 


bucket is inevitable. Rolativo tests of buckets (Fig. 197, a and P) fitted 
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to a wheel developing 875 B.H.P. under 860 feet head, and having a 2-inch 
jet on a 35-inch pitch circle, showed an efficiency about 0 per cent, greater 
with bucket h than with bucket a.* 

In practice an efficiency of unity is inipo-ssible of attainment for several 
reasons. 

(1) In order that the discharge from one shall clear the back of the 
following bucket, the jet cannot be deflected through the full 180°, the 
actual deflection usually 
being 160". Thus ki¬ 
netic energy is rejected 
in virtue of the motion 
of the water parallel to 
the axis of the wheel at 
discharge. To prevent 
this loss becoming large, 
tile buckets should not 
bo spa,ced too closely to¬ 
gether. 

(■Ji) The relative velo¬ 
city of water and bucket 
at discharge is loss than 
at the point of impact 
because of skin friction, 
while windage causes 
the actual velocity of 
imjiaot to be less than 
that theoia'tically equiv¬ 
alent to the head at 
the nozzle. Both these 
causes have the effect of 
reducing the pressure on the bucket, and to obviate this loss as far as 
pos,siblo the wetted surface of the buckets should be a minimum, and 
therefore the number of buckets should be as small as is consistent with 
continuous impact, while they should be made no larger than is necessary 
to give the required change of direction with easy curves and without shock. 
Also the surface should be as smooth and well finished as possible. 

To reduce windage the jet should be,circular in section, since this gives 
the minimum perimeter per unit area of cross section, while it has the 
further advantage of being the most stable form of jet. Other forms 

* “ Proceedings Inat. Civil Engineers,” 1907, vol. 170, p. 61. 



Fig. 197. 
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ultimately tend to the circular, and in doing bo toi d to lieconie 
unsteady. 

(8) Sharp corners and uneven curves in the buclads cause 'oss of energy 
by eddy formation. 

(4) Hljdash on entering buckets, if unsuitably designed (reduced by 
liTeducing the number of buckets). 

The jet, being placed tangential to the pitch circle of the buckets, 
^neets and remains in contact with eacli bucket in turn through some 
'appreciable angle of rotation. The angle at which the jet meets the 
bucket, and also the angle of discharge, will in consequence vary as the 
wheel rotates, and it follows that unless the biudiots are de; igned so as to 
give normal impact on the ridge and a discb.irge which is tangential to 
the wheel, and unless the speed of the wheel is regulated so that lie back¬ 
ward velocity of discharge is equal to the fei-ward vdocil v of the i la Kets, 
an excess of kinetic energy will be rejected i" the tail-ni'-c. 

Theoretically,assuming the angle of defleciKui tohe i.si-'and neg it iig 
theeffeci of friction, the most eflicient speed m l-bt bii(d%ets iinm, half 
that of the jet (p. 37H). When allowance is madi for ilie eiTec. of Fnci rm, 
as on p. 371, the must efQeient bucket speed is see.) to be slightlv less 
than this. Tn practice the most efficient bucket speed is found to hi' trom 
•44 to '48 times that of the jet, the higher ratio being po.ssible with the 
more efficient buckets. 


Effici0iy of Felton Wheel. 

Let « = peripheral speed of buckets at pitch circle. 

■JT 7* JV 

= —gQ— where r = perpendicular distance from axis of jet to 

centre of wheel; N = revs, per minute. 

Let V = initial velocity of jet. * 

Let vj = final absolute velocity. 

Let iVf = relative velocity of jet and bucket at entrance. 

Let aiv = relative velocity at discharge. 

Let a = moan angle between jet and tangent at point of contact. 

Let y = total angle of deflection of jet. 

, Then initial velocity of jet in direction of tangent | 

at point of impact ' ” 

Component, parallel to tongent at discharge, of) 

final velocity relative to bucket I ~ 

Absolute velocity in this direction at discharge — n ajy cos : 
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Change of tangential momentum per second, per lb. 


1 


M — 2iv COB y}. 

Work done per lb. of water per second 


= - f cos o ■ 


- {» cos a — it — jt’. cos y } ft. lbs. 
9 


Efficiency = ^ « cos a 


» — jjv cos y } ft. lbs. 


The loss due to friction and eddies in buckets = ’’ . ■ - ft. lbs. per lb 

___ '-^9 

where = V — ‘Iv u cos a (Pig. 199). 

a 

The loss due to rejection of kinetic energy = ft. lbs. per lb. 

where t’i‘ = + at)/ + 2 m a?v cos y. 

Experiments indicate that in the average wheel ™c.y be as low as 
from '5 to '6 times iv^ It is certain, however, that in a well-designed 
bucket, having a ratio of bucket width to jet diameter not less than about 
3‘8, this ratio is greater, and approximates to '75. 

Taking a = 10°; y = 1()0°; u = ••10 ?>; j'V = '75 i?v; this makes 
1 ?', = '55 v; 2 *V = 'll r; and the hydraulic efficiency = '84, a value 
agreeing closely with the results ol the best modern practice. 


Tost Number. 

1. 

2. 

3. 

4. 

llevolutioiiH per minute .... 

lfB2 

300 

.301 

299 

Jutput ill kilowatts .... 

902 

1724 

2290 

2527 

Diam. of jet, ins. 

4-80 

5-01 

O-.'iO 

6-80 

Mean velocity of jet, f.s. 

221'4 

•222-8 

224-2 

227-4 

Ratio of bucket to jet velocity 

•406 

•401 

•400 

•399 

Discharge, c.f.s.. . 

22-9 

38-2 

.')2-9 

57-6' 

Nozzle efficiency, per cent. 

9-V8 

90-8 

98-2 

98-6 

Relative velocity of jet entering bucket . 

132-1 

184-0 

IS.I-l 

188-9 

„ „ „ leaving ‘ „ 

77-5 

79-2 

05-1 

63-9 

Dklrihilkm of Energy of Jet. 





Useful work, per cent. 

74-4 

74-2 

70-4 

68-1 

Bucket friction and eddies, per cent. 

23-0 

23-2 

27-7 

29-2 

Kinetic energy in discharge, per cent. . 

I'l 

1-0 

1-8 

1-9 

Other hydraulic losses, due to splasli at 





entrance, changing angle of appliea- 





tiou of jet, etc. 

1-5 

1-6 

1-1 

0-8 
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' The above table shows the distribution of energy as obtained in a 
series of tests on a wheel of which the following are the details * 

Number of buckets . . 15; angle a = 4° 41’5'. 

Width „ „ . . 19‘5 inches; angle y = 160°. 

Projected area „ . . 252 square inches; head, 810 feet. 

Radius of pitch circle . . 33'5 inches. 

„ outside tip of buckets . 4()’5 „ 

Revolutions per minute . . 300. 

Nozzle—needle nozzle, with tip 7’5 inches diameter. 

The large value of the bucket losses, particularly in trials 8 and 4, is 
undoubtedly due partly to the comi)arativcly small ratio of width of 



bucket to diameter of jet, and partly to the design of bucket, which is 
sh^wn in Fig. 198. 


The following table, showing results obtained in recent tests of Felton 
wheels,® well illustrates the extent to which the high ellicioncy is 
maintained at part loads in a well-designed wheel. 

I 


No. 

Ntiiidiei 

of 

N’ozzlca. 

Fall 

in 

Jtrvohl' 

tlOlib 

pfT 

KiHcieiit 

UoriH'- 

]>ow«r 



h - 

l><‘r t 
1 

I'lit of Full IgHid. 

•nt of thft Turliine. 




Miitrcs. 

ut. Full 
(late. 

a 

h 

(1 

h 

n 

h 

(( 


n 

h 

a ’ 

ft 

X. 

2 

DO 

%r, 


100-1) 

7(i-0 

so:: 

70-7 

SO-f) 

Sl-(! 

7I--1 

K3-r, 

;«i-o 

H4-2 



XI. 

1 

100 

ISO 


ll'(H) 

SS1» 

S'i-| 

syo 

7-> 7 

S7 iS 

/>() 0 


■13 0 

S7 8 

24*0 

77'0 

xn. 

2 

.S.'iO 

:!7<i 

0,O.')il 

1110-II 

.s:i-h 

so 

SI-0 

.s 

.sp'S 

.'t.'i-l 

s:vH 

37-1 




xiii. 

1 

K.hO 

030 

;:,710 

[DO-O 

SI,-2 

M* 4 

Sli-I 

.Oil 2 

.s5-j 

71-2 

S'rl 

4C.-7 

83-9 

23-3 

7S-6 


1 “ Procewlin-^s Inst. Mechanicnl Kngineers,” January, 1910. \ 

8 By Professor F. Prazil. “ Proceedings Inst. Mechanical Eagineere," 1910>11, 
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Form of Buckets.—Where the dividing ridges of the buckets are 
straight in profile, the.se are not fixed radially but are inclined backwards 
from tho direction of rotation at such an angle as to give normal 
incidence on the first impact of the jet. If placed I'adially the jet would 
be deflected into the rim of tho wlieol during the first half of the period 
of impact and would tend to produce serious ineflicioncy. ' 



A tyi)e of construction which is more theoretically correct, and which, is 
found to give better results in practice, is indicated in J'’ig. 199. 

]jet nc = r = velocity of jet. 

Let he = II — velocity of biiciict. 

Thenob = relative vcslocily of jet and bucket. 

If 0 ) = angular velocity of wheel, and if r = radius at the point of 
impact, we have it = <o r and b c is perpendicular to iic. 

Draw d c parallel to a b. Then d c reiireseiits the direction of the jet 
relative to the moving bucket. 

For the jet to leave the bucket with zero absolute tangential velocity, 
its final direction must be parallel to, and the component parallel to the 
plane of the wheel of its final relative velocity must be equal to cb. It 
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then ffc, the bisector of the angle h c rf, be a normal to the surface of 
impact at r, the required conditions will be fulfilled, the jet striking the 
vane in the diroction d e aiyl leaving (relatively to the wheel) in the 
direction of c. k The diroction and magnitude of ac, and the direction 
of 6 c being fixed, if the final relative velocity be approximately known, 
the magnitude of ic and therefore the most efficient speed of rotation 
may be determined. In a well-designed bucket the final relative velocity 
may be taken as '75 of the initial. If e and k be the first and last points 
at which the jet impinges on the ridge and if a third point I be taken 
midway between c and k, the directions of such normals ae c g may be 
determined for these three points, and a smooth curve drawn through 
these points and having the required normals will give the correct curve 
for a longitudinal section of the receiving edge of the bucket. In general, 
a circular arc with centre at p, the intersection of the normals through 
e and k will give a very close approximation to the curve. 

Strictly, since the path of the raid particles of the jet relative to the 
bucket is given by c q », the normal at q should bisect this angle. If, 
however, the curve through q be made parallel to c I k, the approximation 
to the correct curve will be HufTicioiitly near. ‘ 

A close approximation may also be obtained by determining graphically 
the points of intersection of the bucket with the axis of the jet for 
different positions of the bucket, and by drawing a smooth curve nich 
that the axis of the jet is normal to the curve in every position of the 
bucket. ^ 

To prevent the jet striking the back of the bucket, this should be 
everywhere above the line d e, while to reduce splash on passing through 
the jet the edge at c should Ije as shaiq) as possible. 

]fi modern practice the width of the buckets is between three and five 
times the diameter of the j(!t, the ratio diminishing as the sia! of jet 
fnereasos, while the wheel diameter sliould not be less than about 
ten times the jet diameter. If, on settling the number of revolutions and 
peripheral speed, and hence the diameter of a wheel, this is less than the 
required multiple of the diameter of a single jet to give the required 
power, duplicate jets should ho used. 

Humber of Buckete.—Por minimum loss these must be as lew as is 
■consistent with the jet being wholly intercepted for all bucket positions, 
BO that the entering bucket may entirely intercept tho jet before the 
leaving bucket begins to free itself. From this consideration, a sintple 
gMmetrical construction shows that if n be the minimum poMible 
jiumber of buckets, R the extreme outer radius over the receiving edges- 
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3 f the bueliets, r the pitch circle radius, and t the thickness or diameter 
3 f the jot, H is given very approximately by the relationship 



If H = )• + «, so that « is that portion of the bucket projecting beyond 
the pitch circle, we have 


TT 



Giving * a value ranging from ’60 t in the case of a wheel of less than 
8 feet diameter to •505 t where the wheel is upwards of 0 feet in diameter, 
values of n in close accord with modern practice are obtained. Generally, 

/ ’’ 

values of n given hy the formula n = k V "p where k ranges from 7'0 

to 8 0 as the wheel diameter decreases from 6 feet to 3 feet, will be found 
to give results which are sulliciently near for all practical purposes. The. 
theoretical value of s thus being ol tained, a little addilional overlap is 
usually given to allow for any slight variation in the axial position of 
th(. jet. 

Speed Regulation.—Since the efficiency of a Pelton wheel, or other 
imjuilso wheel, depends on the maintenance of the correft ratio of 
peripheral velocity of bucket and velocity of jet, if high efficiency is to be 
oxpe(?ted at all loads the method of governing must be such as to keep 
the latter vdocity as nearly as possible constant. Where this is the 
case, theie is no reason, except for the greater iiroportional effect of 
windage and nusibanical friction*at part loads, why the efficiency should 
not be independent of the load. Where, however, the jet velocity is 
variable, the efficiency falls off •considerably as this departs from its 
theoretically correct value, and for this reason the impulse wheel, while 
giving excellent part-load efficiencies under a constant supply head, is 
unfitted lor situations in which the percentage variation of head is likely 
to be great. Since this is more likely to be the case under a low supply 
head, it affords one reason why the impulse wheel is not in general 
advisable under such conditions. 

The Speed Eegnlation of a Pelton wheel is usually performed in one of 
four ways. 
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(1) The stream may be deflected so as to partially miss the bucliets at 
part load, either by swivelling the nozzle, which is then carried on a ball- 
and-socket joint, or by a stream deflector placed between the nozzle and 
the wheel. In the former case, owing to tlu! fi'iction at the swivelling 
joint a considerable force is recpiired to deflect the nozzle, and in conse¬ 
quence the governor must be lifted with a hydraulic relay cylinder, as at 
C (Fig. 207). The piston rod of this cylinder carries the nozzle, and the 

governor by regulating 
the supply of pressure 
water to one side or 
other of this ijiston, also 
regulates the position of 
the nozzle. 

This method of regu¬ 
lation has the disadvan¬ 
tage of being wasteful 
of energy at part load, 
while the nuisiince 
caused by the discliarge 
of the jet directly into 
th(i wheel pit may be 
very great. 

On the Pacific slopes, 
however, many of the 
water companies require 
that a constant flow 
through the pipes be 
njaintained, in order that a constant supply may be delivered over a weir 
to a ditch of lower level, and in this case the deflecting nozzle affords 
the niost suitable means of speed regulation. The method possesses a 
further advantage in that it avoids all action of the nature of water ram 
in the pipes. 

(2) The velocity of the jet may bo reduced by means of a throttle 
valve placed behind the nozzle This is not to be recommended, since 
the contraction and subsequent enlargement of the stream which occurs 
at the valve is wasteful of energy, while the variation in the velocity oi 
the jet tends to inefficiency in working. 

Further, since the sudden closing of the valve causes a corresponding 
increase of pressure thronglwut the pipe due to water hammer (]j. 222), 
this method of governing should never be adopted without the addition of 
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some suitable protecting device, such as a stand pipe, relief valve, or 
pressure regulator, to the pipe line, this being placed as near to the valve 
as possible. * 

(8) A portion of the jet may be cut off at the nozzle by means of a 
sharp-edged sluice sliding across the orifice, or the section of the jet may 
be reduced by means of a needle regulator (Pigs. 200—202). This 
consists of a cylindrical needle of tapering section fitted inside the 
nozzle axially with the jet. The water flows through the annulus 
between the needle and the nozzle, forming a solid cylindrical jet on 



leaving the needle. By axial regulation, the latter may be adjusted so 
as to fill the orifice either partially or wholly. 

While giving a slightly greater loss by friction than the sluice regula¬ 
tion, a more stable jet is obtained, and on the whole needle regulation is 
to be preferred. 

It is highly important, however, that the position of the needle in the 
nozzle should be perfectly central, or the form and efficiency of the jet 
may be*seriously affected. Also the needle must be supported so as to 
prevent all vibration and consequent distortion of the jet. A further 
point to be noted is that the minimum •section of the discharge channel 
should occur exactly at the tip of the nozzle for all positions of the 
needle. This may be illustrated by reference to Figs. 200 a and b. In a 
this condition is satisfied. In b this minimum cross section occurs at 

E.A. 
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some point “p. After passing this point the area increases, with 
consequent tendency to unsteadiness of the jet and to loss of energy in 





tl r. 





eddy formation. Further details as to the properties of sucK. jets 
given on p. 459. 
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By either method of regulation the velocity of efflux is maintained 
approximately constant, apd the efficiency is therefore only slightly 
affected at low loads, the quantity of water .used being ajjproxiinatefy 
proportional to the load. 

On the other hand, the inertia of the supply column tends to prevent 
close governing unless a relief valve, or some such device, is fitted near 
to the nozzle, while care should always be taken, as explained on p. 285, 
that the closing of the nozzle actually does diminish the supply of 
energy to the wheel. 

One device which prevents a rise in pressure following any sudden 
closing of the regulating nozzle is shown in Eig. 201-. Hero the relay 
cylinder C is supplied with oil or water under pi-essure, this supply being 
regulated by a valve operated by the governor link. Any increase in 
speed is then accompanied by the admission of pressure water to the 
right-hand side of the piston. This forces the needle over to the left, 
reducing the supply of water to the wheel, and at the same time moves 
the cylinder itsedf to the right against the resistanc(! of the sjirings at S, 
and so opens the byepass valve In this it is aided by the piusssure on 
the valve itself, so that the pressure is quickly reli(!ved. The motion of 
the cylinder relatively to its valve moreover tends to cut off the supply 
of pressure water to the right-hand side of the piston, while the 
motion of the needle is utilized to bi'ing the governor link back into its 
central jjosition. This equalizes the pressure on the two sides of the 
piston, and the cylinder itself, under the action of the side springs S, 
returns to its central position, at the same time closing the byepass 
valve. The w'hole apparatus is now ready to respond to a further change 
of speed in either direction. Some relay returning device of this nature 
is indispensable if hunting is to be prevented (Art. 189). 

An extremely neat device for tlic^ame purpose is illustrated in Pig. 202,^’ 
and is shown in Pig. 203 ‘ as fitted to a twin Pelton wheel. 

Here the horizontal governor levqr A B is not connected to any fixed 
fulcrum, but is pivoted at A on the end of a plunger working in the dash- 
pot C. At B it is connected to the spindle of the regulating valve, F 
being p fixed fulcrum. A subsidiary lever connects the end of the 
plunger working in the dashpot P with the anchor link L and with the 
governor collar, this being solely for the purpose of steadying the motion 
of the governor. 

On a sudden increase in speed, following a reduction in load, the 
governor collar lifts and the valve spindle is depressed, admitting watei 
^ By courtesy o£ Messrs, pilbert Gilkes k Co., Ltd., Eendai. 

a a 2 
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behind the relay piston and forcing the spear rod into the nozzle. This 
spear rod is connected with the dashpot C, wjiich itself works in the outer 
fixed casing K, by a series of links and a bell-crank lever not shown in the 
sketch, and as the spear rod moves to the right the dashpot is lifted, 
raising at the same time the fulcrum A. During this portion of the 
motion, there is a slight downward motion of the dashpot plunger and 
fulcrum relative to the cylinder. As the motion of the latter ceases, how¬ 
ever, tho plunger is gradually lifted by the weighted lover W, bringing 



FlO. 203.—Twin PelLon Wheel with Hydraulic Relay Governor. 


down the pin at D, and returning the valve to its central position with the 
governor lever also in its central position. 

Any further motion of the spear rod is thus stopped until the wheel 
has had time to readjust itself to the changed conditions, when the whole’ 
arrangement is again ready to adjust itself to any fresh change of speed. 

Water ram on closing the nozzle may, if necessary, be prevented liy st 
special automatic device of the makers. In this the spear rod is directly 
connected through a link with a dashpot plunger, the cylinder of which is 
•vertical, is capable of axial movement, and which is itself connected to a 
small needle valve which is opened by any upward motidp of the*" 
cylinder. The main relief valve is slightly overbalanced hydraulically so 
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as to remain closed whatever the pressure in the main. If, however, the 
spear rod closes the nozzle rapidly, the sudden motion of the dashpot 
plunger sucks up the dashpot cylinder and with it the small needle valve. 
This allows water to escape from above the main relief valve, which is then 
lifted by the excess pressure on its under side and permits of free dis¬ 
charge from the body of the nozzle. 

The dashpot cylinder now begins to fall by its own weight, closing the 
needle valve and thus the relief valve, the time of closing being adjusted 



by regulation of the dashpot orifices to suit the length of the supply pipe 
line. 

This system has the great advantage that its working is quite indepen¬ 
dent of any rise in pressure in the main, but rather anticipates any such 
possible rise. 

Fig. 204 shows details of a device working on exactly the rame principle, 
and applied in this case to the twin Pelton wheel shown in Pig. 205. 
Here the cross lever L is connected to the piston rods of the two relay 
cylinders, and carries the dashpot rod A. Its connected plunger works in 
the weighted dashpot C, which itself carries the needle valve Vi. Pressure 
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water supplied through the small pipo P keeps the main escape valve V 
closed so long as the valve Tj is closed. If tbis valve is opened, however, 
by a sudden iii)\vard motioci of L, the pressure above the main valve is 
relieved, and the valve opens, relieving the pressure at the nozzles AT N. 

The valve I’j permits of a sudden depression of L, without unduly 
stressing the dash pot rod J. 

A modification of the needle method of regulation is indicated in 



PlO. 206.—Double Tangential Impnlc^e Wheel, 600 H.P. at 375 Revolutions 
under 262 feet head; wheel diameter |1'28 feet. The Kubel Electric Power 
Plant, St. Gall. 


Fig. 206,' which allows a section of a double tangential wheel of 3’28 feet 
diameter developing 500 H.P. under a head of 262 feet. Here the nozzle' 
is rectangular in section, while its upper side is formed by a pivoted flap 
whose position is regulated by that of the piston of a relay cylinder- 
actuated by the governor. The area of this piston is so large that when 
its upper side is relieved of pressure, the upward pressure on-its lower* 


> By courtesy of Messrs. Escher, Wyss & Cie., Zurich. 
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face, which is in communication with the nozzle, is sufficient to close the 
flap. I’l'ossuro water from tlio nozzle is supplied to the regulating valve V 
(Pig. 20(!) wliich regnlatiis the pressure on tlu^top of piston J\ It the speed 
of the wheel increases the governor sleeve rises and the lever A G turns 
about the fulcrum B, depressing valve I' and putting the upper side of 
piston P into communication with tlie exhaust. This jnston rises,closit^ 
the nozzle, and also lifting tlm point of attachment F of the link FB. 
This raises />’ and also C and hrings tln! valve V into a new position of 
eriuilihrinm, in which it is prei)ared to take control of any fresh change of 
speed. A striking feature of this installation is that it is fitted with a 
draught tube (Art. 134), 
and works under a suc¬ 
tion head of 22 feet. 


(1) A modern and 
very common method 
of regulation is illus¬ 
trated in Pig. 207. 
Hero a comhination 
neeillo and deflecting 
Tiozzle is used, the 
nee-dle being set by 
hand, so as to take the 
maximum load likely to 
occur dui'ing any hour, 
while the deflection 
takes care of any varia¬ 
tion of load up to this 
peak. With a very 



variable load, such as 


occurs in electric light- 


FUi. 21)0. 


ing plants, considerable , 

economy may thus be effected, while the possibility of water ram ip 


eliminated. 


A siplf-regulatiug wheel which has been tried with good results as regards 
speed regulation consists of two discs mounted side by side on the same 
shaft and capable of relative sidelong motion. These are kept in position 
by springs, and each carries a series of half buckets which fit together 
when the discs are close together and then form ordinary I’elton buckets. 
An incrciise in speed, by the consequent increased centrifugal force on 
masses mounted on bell-crank levers connected to the wheel, produces a 



456 


HYDEAULICS AND ITS APPLICATIONS 


relative sideJor7g motion of the discs, which part in the middle and allow 
a portion of the jet to pass through to waste. » 

The complication introduced by this device, together with the waste of 
energy common to any such method of governing, form the chief draw¬ 
backs to the scheme. 

The table on the opposite page gives some details of typical Pelton 
wheel installations of comparatively recent date. 

If desired, two or three jets may be arranged so as to play on a single 
wheel, and the power obtained is then practically proportional to the 



FlO. 207.- Combined Needle and DcCecting Nozde. 


number of jots. In such a case the sliding hood provides the most 
convenient method of speed regulation. 

For heads above 400 feet, and for ppwers in'single units up to about 
2,000 B.H.P., the Pelton wheel is by far the most suitable type of prime 
mo'ver, while for units up to 15,000 II.P. and with heads ranging from 
106 to 400 feet, it is for many purposes to be preferred to its only serious 
rival, the inward radial flow or Francis turbine. In view of its copibined 
simplicity, efficiency, and ease of regulation, it is probably the,, mopt 
perfect of all hydraulic prime movers, and this may be the more readily 
granted when the difficult conditions under which it works are 
remembered. Taking a jet of water to all intents and appearances as 
rigid as a rod of glass, and, in virtue of its enormous velocity, possiessing 
'almost infinite destructive possibilities ; dropping it almost without 
splash into the tail-race divested of practically the whole of its kiuetie 
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energy; the whole affords an unique example of the possibilities of 
engineering science. , 

Dcniffii of Pclton Wiled. 

Example. 


To design a Pcslton wheel to work under an effective head of f»00 hset 
and to develop 800 II.P. at kOO revolutions peruiiiuite. 

Assuming a coefficient of velocity = '985, the velocity of efflux of 
the jet = -985 X V 500'^4-4 
= 177 feet per second. 

Taking the velocity of the pitch circle of the wheel as 'iO times that of 
the jet, we have 

Peripheral velocity of wheel = 81'3 feet per second. 

81*3 X fiO 

Radius of iiilch circle = ,, - = 2'ir)8 feet. 

' 2 IT X oiiO 


.'. Diameter of pitch circle = 4 feet 3^ inches. 

Next assuming an efficiency of 85 per cent., we have the energy passing 
800 X 550 

the nozzle per second given by-- ft. lbs. = 518,000 ft. lbs., and 

6‘2‘4 X (177)''“ 

since each cubic foot of water contains - - „ -ft. lbs. = 80,380 

ft. lbs. in the form of kinejic energy, this requires = 17‘06 cubic 

feet per second. 

* / 17-00 

The re(iuirod area of the nozzle is thus ~yjY ~ 


= 13-89 sq. ins. 

giving a jet diameter of 4-20 inches. 

^ I'r 

Taking n = 7'5 y y> this gives the^ number of buckets as-equal to 

■ / 25-9 

7-5 V = 18-C, or say 20 for convenience in balancing. 


Next applying the formula n = — -- - wo get, on 

substituting for n, r and t, on reduction s = 2-5 inches, giving the 
amount by which the buckets must project beyond the pitch circle for 
continuous impact. For safety it is usual to increase this slightly^, say to 
3-75 inches, giving an extreme wheel diameter of 4 feet 9} inches. ^ 

The buckets would in this case be aboujj 21 inches wide. 
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Art. 126.— Jets proii Nerple-Nozzle. 

The presence of the central needle in a nozzle provided with needle 
regulation causes a reduction in the velocity of the central filament, 



and to this extent tends to reduce the efficiency of the jet. Fig. 208 
shows the velocity obtained at different points in the cross section oj 
a jet obtained respectively from a plain conical nozzle, a ring nozzle 
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and a Pelton wheel nozzle with needle regulator.' Prom these it appearf 
that the central velocity at a point distant J inch from the tip of the needlt 
is only ‘68 of the maximum velocity. At a section 8| inches from the tip 
this ratio becomes '90, while when the distance is 9| inches it becomes '96. 

At mid opening (diameter 1'26 inches) the coefficient of velocity dimi¬ 
nishes slightly as the head increases, from about "992 with 23 feet head to 
■978 with 120 feet head. With a given head the velocity was slightly the 



Jr4atest with the nozzle half open. The efficiencies in these experiments 
varied frhm '964 to ’993. The maximum jet diameter was 1'60 inches. 

‘ Experiments on a larger nozzle, giving a jet up to 7 inches diameter 
under heads up to 850 feet,^ showed the following results: 


Dwiance from centre of 
jet (inches). 

0-0 

•5 

10 

20 

30 

Velocity (feet per second) 

212-7 

228-7 

229-3 

229-9 

227-8 ■ 


> From s Thesis by H. C. Crowell and G. 0. licnthe (Massachusetts Institute of 
Technology, 1903). 

•'W. R.'Kckhai t, Inst. Much. Engineers, January, 191,0. 
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The coefficient of velocity increased from *971 to ‘989 as the nozzle 
area was increased, the coefficient of discharge diminishing at the same 
time from '965 to '838, and the efficiency mcreasing from '958 to •986. 
Fig. 209 shows the shape of needle and tip used in these experiments. 


Examples. 


(1) A Pelton wheel working under an effective head of 2,100 feet is 
86 " diameter and is supplied through a single nozzle. Determine the 
necessary number of revolutions of the wheel for approximately maxi¬ 
mum efficiency and the probable horse-power, assuming an efficiency of 
83 per cent. 


Answer. 


1,000 revolutions per minute. 
97-5 H.P. 


(2) A Pelton wheel develops 140 B.H.P. under a head of 98 feet. The 
wheel is 20' 0" in diameter, and is supplied by two nozzles. Determine 
the number of revolutions per minute and the necessary nozzle diameter, 
if the efficiency is 80 poi- cent. * 


Answer. 


35 revolutions per minute. 
Diam. = 4’3 ins. 


(3) Show that th(! efficiency of a I'elton wheel is theoretically equal to 


2 TT r iV 
(H) !i h 


(V 2 ij h 


‘i T! r N 
00 ' 


1 — /c cos a } 


Wh(!re r = mean radius of bucket circle. 

N = revolutions per minute. 
h = effective head at nozzle. 

C„ = coefficient of velocity at nozzle. 

Ic — ratio of relative velocity at exit from and entrance to 
buckets. 

a = total angle through which jet is deflected. 



CHAPTER XIV 


Parbincs—Types—Im|ralso rresstire—Girard—Haenel—Barker’s Mill Fourneyron—Jonval 
—The Suction Tube—Francis—Thomson—Oompound Turbines—American Mixed Flow 
Typo—Governing of Turbines—Head and Tail Races. 

Art. 127.—Turbines. 

In general, liy a turbine is meant a water-wheel which is so arranged 
IS to allow of water being admitted simultaneously at all points on its 
lircumfereuce, thus enabling a greatly increased power to be obtained 
ivith tbe same wheel diameter. 

Turbines may be divided into two main classes, known respectively 
\Silmpnls<‘. turbines and as Pressure or Reaction turbines, according to the 
nanner in which they absti’act energy from the supply water. 

In an impulse turbine, tbe whole head of the sujiply water is converted 
nto kinetic energy before the wheel is reached, the water issuing from 
;he nozzles or guide passages in a series of streams or jets moving with 
ligh velocity and exposed to the pressure (usually atmospheric) obtaining 
n the turbine casing. It then enters a series of buckets formed by 
iurved vanes in the turbine ^heel, and in virtue of the change of 
lirection, and hence of tangential momentum produced by these vanes, 
sxerts a driving force, and so does work on the turbine shaft. Its surface 
pressure remains uniform throughout the turbine if this is correctly 
iesl^ned, and its direction is freely deviated by the vanes. For this 
■pason, this is sometimes termed a turbipe of free deviation. 

For the pressure to remain uniform throughout the wheel it is essential 
)hat the stream should not fill the spacg between any two moving vanes, 
ind to prevent this occurring the buckets are usually ventilated as shown 
n Fig. 210, which represents a part section through the wheel and 
jiiides of a Girard turbine. 

In a Pressure or Reaction turbine, the water on leaving the guide vanes 
ind entering the wheel is under pressure, and thus supplies energy partly 
.n the kinetic and partly in the pressure form. In its passage through 
:he wheel this pressure energy is gradually converted into kinetic energy, 
ukl the .water finally leaves the wheel at a pressure not sensibly grater 
ihan that of the atmosphere. The change^ of momentum accompanying. 
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this change from pressure head to velocity head necessitates an equiva 
lent reaction on the moving vanes, and work is thus done on the turbine 
shaft. This turbine, as well as the impulse type, therefore owes iti 
propelling force not to statical pressure, but to changes of momentum 
the pressure difference over the concave and convex faces of a Imckei 
being produced, as in the imjnilso wheel, by the change of momentum ir 
the stream passing the bucket. In the case of a wheal having vertica 
dowiuvard flow the weight of the water also adds to this propelling 
force. 

Since the turbine works under pressure the buckets should always 



remain full of water, and to thio^ end admission should take place con¬ 
tinuously all around the circumference of the wheel. If not, those 
buckets which happen to be idle will either be empty, having discharged 
their contents into the discharge pipe, or will contain dead water. In 
the first case the buckets must bo refilled before the pressure at the 
circumference can be utilised, while in the second case the necessity for 
imparting momentum to this dead water causes loss of energy by impact. 
In either case the loss of energy may be considerable. In the impulse 
wheel, on the other hand, the supply may be admitted either wholly or 
partially around the circumference without loss of energy. 

These two main types of turbine may be subdivided, according as the 
general direction of flow through the wheel is radial and perpendiculajf 





464 


HYDRAULICS AND ITS APPLICATIONS 


to the axis, parallel to the axis, or is a combination of these, these sub- 
types being designated respectively as 

Radial flow | 

Axial or parallel flow ! turbines. 

Mixed flow J 

Radial flow turbines may again be subdivided into inward flow 
Machines, when flow takes place from the circumference to the centre of 
.he wheel, and outward flow when the flow is in the opposite direction. 

The chief turbines in the various classes are :— 

(1) Impulse Turbines. 

Axial or radial flow . . Girard turbine. 

Mixed flow .... Pelton wheel. 

(2) Pressure or Reaction Turbines. 

(a) InwanL —Thomson vortex turbine and the original 

Radial flow ■ Francis turbine. 

(ft) Oatword.—Fourneyron turbine. 

Axial flow . . Borda turbine, Henschel-Jonval turbine. 

Mixed flow . . Hercules, Victor, and other turbines of the Aineri- 

can type. All modern Francis turbines are tq 
a certain extent of the mixed flow type. 

One special tyj)e of turbine, tho Ilaenel, may work either as an impulse 
)r pressure wheel. 

Akx. 128.—Tun Imi'ui.br Turuinb. 

All impulse turbines may be considered as modifications of the 
jangential or Pelton wheel, in which the jet is unconfined laterally. 

Where the supply head is very groat the necessary peripheral speed of 
> ;tarbine to take full advantage of this is also great, while, as will be 
ihown later, the necessary speed is greater in the case of a pressure 
mrbine than with one of the impulse type. This peripheral speed may 
be obtained either by having a wheel of large diameter with low angular 
velocity, or with a small wheel making a large number of revolutions per 
minute, and for a pressure turbine, where it is necessary to admit water 
ill around the circumference, it is imperative that the periphery, and 
therefore the diameter, be comparatively small, and the angular velocity' 
in consequence high. For many purposes the necessary speed of rotation 
under very high heads then becomes too great, while the hydraulic resist¬ 
ances inside the turbine easing become excessive. 

■ In such a case the pressure, turbine suffers from the further disal^van- 
tage that the ports and passages are of necessity small and constricted in 
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area, and are in consequence liable to be choked by any floating matter 
which may escape the strainers in the head-race. 

Eor very high falls, then, the most suitiiblii turbine is one in which the 
wheel itself is not submerged; in which the supply may be admitted to 
as much of the circumference as is necessary to develop the required 
power; and such that any particular diameter may bo adopted which 
will best suit the desired speed of rotation. 

The impulse turbine in the form of the tangential water-wheel or of 
the Girard turbine satisfies these conditions within wide limits, and for 
beads between 100 and 300 feet will often, and for heads above 300 feet 
will generally be the most suitable typo of jirime mover for all but the 
largest power.s. Since with suitable means of regulation the jet velocity 



Fm. 211.—(lirnril Turbine with Outward Knclinl Flow. 


is constant undtir a constant supply head for all loads, under these 
circumstances the efficiency of an impulse turbine is approximately 
independent of the load, the variation in ofllciency being chiefly due to 
the proportionately greater (“ffoct of mechanical friction and of air resist* 
ance or windage at low loads. 

Aut. 129.— The Gin.vun TuitniNB. 

• 

This turbine may be constructed either as an axial flow machine 
(Fig. 210), in which case the axis is usually vertical, or with inward or 
more commonly outward radial flow (Figs. 211 and 212). With radial 
flow the axis may be either vertical or horizontal. The axial flow type 
is more suitable for largo powers under comparatively low heads, where 
full circumferential injection is required. 
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Pressure water supplied through the pipe Q is guided by the con. 
verging passages P P, its pressure diminishing as its velocity increases 
and is discharged at atnios^eric pressure into the moving buckets B B 
These are ventilated to prevent the jet expanding to touch the rear vane 
and since the width of bucket diminishes with the angle of inclination oi 
the vanes, they are also splayed out from the inlet to the discharge side, 
the breadth at discharge usually varying from 2'd to 3 times that at inlet. 
The outward deviation produced by this splaying of the buckets, while 
slightly diminishing the efficiency of working, cannot be avoided. The 
guide and vane angles at entry and exit are so designed that water 



FlO. 212.—Pnriial Admission Girard Ttirbine. 1,000 H.P. at 600 revolutions per minute 
under 1,640 ft. head. 


enters'the buckets without shock, and is discharged with an absolute 
velocity which is only sufficiently great to ensure its ready removal from 
the wheel. 

When less power is required one or more of the inlet passages may be 
cut off by means of the slide S, the motion being regulated either by 
hand or by a governor. By the provision of a series of supply ports 
which may be completely cut out of action one by one, the loss of energy 
which is inevitable through contraction and re-enlargement of section 
whenever a stream is throttled, is reduced to a minimum. Where only 
one admission port is used, the supply should be regulated by meahs of a 
sluice or hood working between the port and the entrance to the'buckets. 
By this means the velocity of efflux is unaltered, and the only loss 
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introdafled is that which may be caused by any alteration in the angle of 
impact of the jet. ^ 

Fig. 212 shows such a turbine, built by Messrs. Piccard, Pictet & Co., 
of Geneva, and developing 1,000 H.P. at 500 revolutions per minute, 
under a head of 1,640 feet. 

In a radial flow machine having full circumferential admission, a 
cylindrical sluice or gate is often used, this partially cutting off the supply 
to each bucket. 

While specially well fitted for heads of 100 feet and upwards, this 
turbine, with full circumferential injection, gives good results with heads 
from 10 to 50 feet, and has indeed been used with a head as low as 16J 
inches. Under the latter head an efficiency of about 55 per cent, may be 
attained. With low heads and full injection the wheel must be horizontal, 
since with a vertical wheel the jet velocity at the highest and lowest 
points would be very different, while at the same time the loss of head 
due to the difference in level of the guide vanes at exit and the tail-race 
would become serious. To avoid the latter loss as far as possible in the 
case of a vertical wheel with partial injection, the guides are placed as 
near the Iwttom of the wheel as practicable. The horizontal wheel offers 
the further advantage for large volumes of water, in that it affords greater 
facilities for getting rid of a complete circumferential discharge. 

In common with all impulse turbines, the part gate efficiency is high, 
while under suitable conditions the full load efficiency may amount to 80 
per cent. In the case of an outward flow Girard turbine described in the 
“ Proceedings of the Institution of Civil Engineers,”' and giving 400 H.P. 
under 594 feet head, the outer diameter of the wheel was 8' 11", inside 
diameter 7' lOJ", the vanes, 110 in number, were 4'7 inches wide at the 
entrance, and were splayed out to 15f inches. A single inlet passage was 
used 4'31 inches in width. Under this head the jet velocity was 181'6 
feet per second, and the efficiencies were as follows :— 


I).H.P. 

• 

licvolutions. 

Efficiency. 

82-5 

211 

59-5 % 

841 

210 

76-4 % 

400 

209 

79-0 7o 


In this type of impulse wheel the impossibility of making the jet 


■ 1881-2, Part 4. 


B H 2 
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tangential to the wheel at entrance, and the necessity for the escaping 
stream to clear the discharge from the following bueltet render it 
impossible to deflect the jej through 180°. If n is the angle which the 
incoming jet makes with the plane of the wheel in an axial flow turbine 
and with the tangent plane to the wheel at the point of impact in a radial 
flow machine, and if y be the angle which the discharge tips of the vanes 
make with the same plane (Figs. 210 and 211), a is generally made about 
24° and y about 21°. These values, however, depend ujxin the head 
increasing from about 12° and 18° respectively, with large heads and small 
volumes of water, to about 80° and 28° with low heads and large volumes. 
)3, the angle of inclination of the vanes at entrance is then made so that 
the entering stream slides along the vanes without shock. 



yi(i. 211. 


The construction for determining the vane angles is shown in Fig. 211. 
flere a h represents v, the velocity of the stream leaving the guide vanes, 
in magnitude and direction, while hh = ac represents u, the velocity of 
the wheel buckets at the point of entry, cl = ah then represents the 
relative velocity at entrance to the buckets, and marks the correct 
inclination of the bucket tips. 

In order to take advantage of the full head any impulse turbine working 
under atmospheric pressure should bo located at as small an elevation 
above the tail-race as is possible. While keeping this in view, howevep, 
it is highly important that the situation of the wheel be such that it is not 
liable to become submerged by a raising of the tail-race level in, time of 
flood. If this should occur the buckets run full, the wheel works as a 
pressure turbine, the conditions for which it is designed are'sentirely 
related and efficient working becomes impossible. 
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This often necessitates the sacrificing of a portion of the available head, 
and, with a low fall, renders the use of such a turbine inadvisable. With 
a high fall such proportional loss is in generahso small as to be negligible. 

Attempts have Iwen made to remove this drawback to the impulse 
turbine. Thus Girard, in his system of Hydro-pneumatization, placed the 
whole turbine in an air-tight easing, the lower end of which opened out 
beneath the surface in the tail-race (Pig. 213). By means of an air pump 
driven by the turbine the air in this casing was maintained 'at such a 
pressure as to keep the water level inside the casing below that of the 
turbine wheel, whatever the tail-race level. The complication and expense 
thus introduced, however, together with the fact that power is required to 
work the air pump, prevented the general adoption of this idea. 

By mounting the wheel in an air-tight casing at some distance above the 
tail-race and coupling this 
to a discharge pipe or 
draught tube (Art. 131), 
delivering below the .sur¬ 
face of the tail-race, the 
difficulty may bo over¬ 
come. On starting up 
the turbine the escaping 
water ejects the air from 
the casing and creates 
a partial vacuum. An 
air valve, actuated by a 
float in a chamber con¬ 
nected with both casing 
and draught tube, then 
admits sufficient air to prevent tlio water level from rising as high as the 
wheel. Pig. 205 shows one of a series of double Pelton wheels of 600 H.P. 
which work perfectly well under a suction head of 20 feet. 

An older device, due to Meunier, consisted in regulating the discharge 
by means of a sluice automatically regulated by a float. The required level 
in tha turbine casing was thus maintained, and the addition of a draught 
tube rendered possible. 

In the Haenel “ limit ” turbine, which is essentially the same as the 
Girard, the buckets are so designed that they run full when working as an 
impulse turbine, the areas of the wheel passages being approximately the 
same throughout. The flooding of the turbine does not then affect its 
efficiency except in so far as it affects the available head, since the machine'^ 
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Fig. 213.—Axiai Flow Girard Turbine witli Full Circum¬ 
ferential Injection and with Girard's System of Hydro- 
pneumatization. 



470 


HYDEAULICS AND ITS APPLICATIONS 


then acts as a pressure turbine. It is fairly good for low falls with a head 
which does not vary greatly, while its efficiency varies from about 60 per 
cent, at half gate to a marimum of about 72 per cent. It is seldom 
met with in modern practice. 

Whether a horizontal or a vertical shaft machine is to be preferred 

depends largely on the location of 
the plant. 

The horizontal shaft design gives 
a motor which is very accessible, 
and which is conveniently situated 
for gearing by means of belting to 
other machinery, and where the 
power-house is situated near the 
tail-race level, the supply being con¬ 
veyed from the head-race by pipes, 
this design will in general be 
adopted, the turbines being placed 
directly on the floor of the power¬ 
house. Where the more convenieht 
site for the power-house is near the 
head-race, a well must be sunk down 
to tail-race level, connected to the 
tail-race by moans of a tunnel or 
pipe, and the turbines erected at the 
bottom of this well. A vertical shaft 
machine is nowalmostessential,this 
shaft being carried vertically up¬ 
wards into the power-house and 
svpported at intervals by suitable 
oearings. When driving an electrical 
generator this forms a convenient 
arrangement. The armature is 
mounted directly on the rotating 
shaft, and the arrangement has tl^e 
further advantage that since all the electrical machinery may be placed 
well above the head-race level it is not likely to bo affected by floods. 
This arrangement is, however, in general not to l)e recommended’ where 
it is possible to place the power station near the tail-race level. Not 
only is the turbine well costly to construct, but the cost of constlruction 
of the discharge tunnel or pipe line is .much greater than that of 
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corresponding length of the supply pipe line in the latter scheme. In 
fact, in all turbine schemes, it may be taken as a general principle that 
the cost per unit length of tail-race is greater than that of head-race or 
supply pipe. Also the necessity for a long and heavy vertical shaft 
increases the first cost of the tur¬ 
bine, renders it less accessible, 
and involves the use of expen¬ 
sive and complicated bearings 
for dealing with the end thrust 
thus set up.* 

Aitr. 130.— Pkessure or Re¬ 
action Turbines. 

All pressure turbines of the 
radial outward flow type may 
be considered us modifications 
of the old Scotch turbine—Re¬ 
action wheel, Barker’s mill, or 
Segner’s turbine, as it is vari- 
ously called. In this turbine Jp 
(Figs. 214 and 215), water is 
admitted through a vertical 
supply pipe, flows outwards 
through straight or curved hori¬ 
zontal arms, and escapes 
through orifices so placed in 
these arms as to give a series 
of horizontal jets perpendicular 
to the diameters containing the 
orifices. The reaction of the 
jets then produces rotation of 

the wheel. This is, however, onl^ made in small sizes and is 
practical importance. 






Fm. 216.—B«rlicr’8 Mill. 


not of 


> Theffry of the Barker's Mill. 

Let V =z velocity of water issuing from each nozzle relatively to the 
nozzle, in feet per second. 

Let u — velocity of nozzle relatively to the ground. 

Then v — u — absolute velocity of discharge. 

> For a description of such bearings see Arts. 133 and I3B, and Figs. 225 and 234i>. 
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Let Q = volume of water discharged per second in cubic foet. 
„ h =z head of water above the orifice in feet. 

Then the horizontal reaction of | -j jr- ' 
the jets, i.e., the momentum I = ^— (y — a) lbs. 
generated per second j ^ 

Work-done by this reaction ) _ QW, 
per second ) ~ ~ ' rf' 

The energy given to the wheel i _ 

per second j — i ■> "■ 


I = Q !Vh. 


Efficiency = — —= rj. 

Again, the total head at the orifice is the sum of the pressure due to the 
head h and of the kinetic head duo to the velocity of whirl ?/, so that, 
neglecting friction, 

^.0-'' + 2g- 

Substituting this value of v in the expression for the efficiency we get 

Differentiating this with respect to u and eijuating the result to zero,‘we 

fiually got for maximum (ifficioncy ^=. 0,11 result which can only he 

true when u m infinitely large. It follows that with a frictionless wlieel 
the efficiency fould increase with the speed and would become unity when 
the speedi^vas infinite. Act#illy, however, frictional losses, which increase 
with the'Speed, cause a maximum efficiency to ho obtained at some defi¬ 
nite speed with any given wheel. ' 

^ Taking frictional resistances inside the wheel into account, and assumi ng 

.2 

these to be proportional to and to equal F - we have •— 

‘ ‘iff 

2 

Total head behind orifice = /i 4- ” . 

This must equal the kinetic energy at the orifice together with the loss 
by friction 

.-. h + f = / -f F (1 + F) 

' 2 (/ 2 ff ' 2 g 2 ^ ^ ' 

.-. r^(l + F)-v^ = 2fl//. 

Substituting this value of v in the expres.sion for the efficiency, this 
now becomes 
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and on differentiating and equating the result to zero we get, for 
maximum efficiency 

«== {V i+j, 

In general the mtixiinum hydraulic efficiency of the wheel does not 



exceed GG'O per cent., while the mechanical friction losses bring this down 
to about GO per cent. 

If the wheel is loaded by means of a brake, the magnitude of the various 
Iransfoniiaiions of energy may he doteii'mined a.s follows :— 

Let L = nett brake moment in foot jinunds. 

N = number of revolutions of wheel per second. 

Then useful work per second = 2 tr L N it. lbs. = 17, 
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while the energy rejected in the discharge 
_ Q IV (r - nf 




ft. lbs. :± Ew 


OIF[i 




From this we have 

Energy lost inside the wheel by hydraulic friction, etc. 

= Energy given to wheel, — Energy accounted for per second 

{v — nf (v — u) 

- - u 

^0 9 

Energy lost per second in overcoming friction of bearings 
= Eb = - — 2 TT LN, giving Kp + E,, + E,y + U = Q W h 

The distribution of. energy may be shown graphically as in Fig. 216, 
which records the results of a series of trials by the author on such a 
wheel. The details of the wheel were as follows;— 

Diameter of nozzles.-253 inches. 

Number of nozzles.2. 

Eadius of nozzle path.5'875 inches. 

Head of water above nozzles .... 8'20 feet. 

In these trials the power was absorbed by means of a I’rony brake 
applied to a horizontal drum. Water is ad¬ 
mitted by means of a vertical down pipe P 
(Fig. 211;) open at the bottom, and con¬ 
centric with the rotating tube T, and trouble 
^lused by the entrainment of air bubbles in 
the down-coming stream is thus avoided. 
The maximum brake efficiency of this ma¬ 
chine, as determined from the results of a 
large number of tests is 60'6 per cent. 

The maximum efficiency was obtained 
with, a speed of 295 revolutions per minute, giving a' nozzle velocity of 

14-75 f.s. _ 

In this case, for maximum efficiency St = 1-19 V </ h 

= 1-052 VT^. 



Fio. 217. 


From this we have 


V -1 


1 +- 1 = l-49» = 2-22. 


Substituting these values in the expression for the theoretical hydraulic 
efficiency we get tj = 69-2 per cent., as against the value, 64 pw cent., 
actually obtained. 
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One form of this wheel, Whitelaw’s mill, was constructed with arms in 
the form of an equiangular.spiral (Eig. 217), the idea being that when in 
motion the water would flow outwards from the centre to tlie jet in radial 
lines, and that any loss due to eddy formation would be avoided. A little 
cdnsideration will, however, show that this can only be the case when 
V = u, and when in consoquoiice no work is being done by the wheel. 


Aut. 131. 

The Borda wheel was in all probability the first practical pressure 
turbine to be constructed. This consists of a couple of concentric 
cylindrical casings (Pig. 218) mounted 
on a vortical shaft, the space between 
these being provided with a series of in¬ 
clined vanes. The casing is usually of 
some considerable depth and the mean 
radius of the vanes largo. Water is led 
into the casing in a direction almost 
normal to the vanes and acts j)artly by 
impact. The pressure produced by its 
weight is, how'cver, the chief factor in 
producing rotation. Strictly speaking, 
the wheel is a pressure or impulse tur¬ 
bine according as the buckets run wholly 
or partially full, this d(ipendiiig on the 
distance between consecutive vanes. In 
the Borda, in common with all other 
axial flow turbines, since the direction of 
the flow is parallel to the axis, the effect of centrifugal force on the flow 
may be neglected. In spite of its A-udity, efficiencies of up to 70 per cent, 
have been obtained with this, which is the origin of all modern turbines 
of the parallel flow typo. * 
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Fiii. 218.—I’orda Turbine. 


Aut. 132.—The Fouunevuon Tubbinb. 

The first Uighly efficient pressure turbine was, however, a development 
of the reaction wheel by Fmtrneyron (1827). The Foumeyron turbine is an 
outward radial flow reaction wheel (Fig. 219). Water is supplied through 
the pipe S which is closed at the bottom and terminates in an inverted 
cone, the outside of the pipe forming the entrance to a series of guid( 
passages P. Guided by these passages, the water enters the whee 
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meving in the same direction as the wheel buckets, impinges on the 
curved vanes D, has its direction of motion changed, and finally escapes 
around the periphery of the wheel. 

This type of turbine has been used with heads from 1 foot to 350 feet, 
and with moderate heads is capable of an efScioncy of about 75 per cent, 
at full power. With high heads the speed is, however, inconveniently 
high, and the size of buckets and guide passages consequently small, 
rendering these very apt to be choked. Speed regulation is usually 

performed either by 
throttling the supply at 
its entrance to tlie wheel 
by means of a sliding 
cylindrical or ring gate, 
or sluice, fitting between 
the fixed and moving 
vanes (Fig. 220) and 
actuated by means of a 
governor or by thrott¬ 
ling the discharge ‘by 
means of a similar ring 
gate fitting outside the 
moving vanes (Fig. 221). 
This, by increasing the 
pressure in the wheel 
reduces the effective head 
producing rotation. 

The former method has 
the disadvantage that 
the entering streams of 
water, after their contraction in escaping past the edge of the ring gate, 
re-expand to fill the moving buckets, with consequent loss of energy. On 
account of this the efficiency at part gate is low. It may be improved if 
the turbine wheel be divided by parallel diaphragms as. indicated in 
Pigs. 220 and 221, into what is in effect a series of wheels in parallel., 

In such a wheel this enlargement of section after cut off can only affect 
one chamber, and the part gate efficiency is in consequence increased. 
The method has the drawback, however, that the areas of the apertures are 
reduced and also that frictional resistances to flow are increased by {he dia¬ 
phragms, so that the. full gate efficiency suffers. In spite of thi8,Mt forms 
she most general and satisfactory method of governing turbines of this type. 



Fourncyron Turbine. 
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The second method, by incrfan'ng the pressure at exit, diminishes the 
effective head and increjises 
the loss of kinetic energy at 
exit, and is hence very ineffi¬ 
cient at part gate. In the first 
turbines erected at Niagara 
Palls, which were of the Pour- 
neyron type, and of 5,500 H.P., 
this method of governing was 
adopted with satisfactory 
results as regards speed regula¬ 
tion.* 

Outward flow turbines are in 
general difficult to govern, 
because an increase in speed 
caused by a reduction in load 
increases the centrifugal pres¬ 
sure of the water in the turliine 
wheel, and thus causes an in¬ 
creased outward flow which 
tends to increase the speed still furtr.er. Governing by throttling the 

discharge has the advantage that it does to 
some extent tend to counterbalance this 
action. 

« 

The fact that centrifugal force tends to 
increase the velocity of flow through the 
wheel also explains to some extent why 
the speed of the wheel is of necessity so 
high under high heads. 

The efficiency of the Pourneyron turbine 
may^ be increased by the addition of the 
diffuser, probably invented by Boyden 
(1844). 

This consists of a fixed annular casing 
(Pig. 222), surrounding the wheel and 
fitting closely to the outer periphery of the 
moving vanes. The sides of this casing 
diverge gradually, its depth increasing from that of the buckets to about 

* These turbines were designed by Messrs. Faesch and Piccard (1895), and work under 
132 feet head. A full load efbciency of 82-5 per cent, is said to have been obtained. In this 




Fli}. 220.—Section of Multiple Chamber Fourneyron 
Turbine UunnerandCuides, with Insuie Cylinder 
(Jatc. 



HYDRAULICS AND ITS APPLICATIONS 


<«8 

twice this, and its width being about four times that of the wheel. By this 
means, part of the kinetic energy of the discharge is converted into pres- 
surft energy, and since the pressure at the outside of the diffuser is that 
corresponding to the depth of immersion, the pressure at the inside and 
at the exit from the turbine wheel is less than this, so that the effective 
head is increased. In this manner the efficiency may be increased by 
about 6 per cent, in a well-designed turbine under moderate head, the 
proportional increase being lo.ss as the head increases. The device is, 
however, now practically obsolete. 

The outward flow turbine suffers in efficiency from the fact that its 
passages are of necessity divergent and that flow through these diverging 
passages is always accompanied by loss of energy in eddy production. 
It is, moreover, an expensive machine, not easy to govern well, and has 



been generally replaced b/turhines of the Francis or some other more 
modern type. 

The following results of tests on a Pourneyron turbine fitted with an 
internal cylinder gate, are given by Unwin,— 


8r«t serici of turbines the ring gates are arranged to open downwards, the idea being that it 
is safer to aliow the gates to open suddenly in case of accident to the coupling rods than to 
dose suddenly, because of tlie probable effect of water ram in the latter case. The fact tliat 
the lower section of both wheels is not opened for the escape of water except at full load, and 
the possibility of a dangerous accumulation of detritus taking place in these sections, along 
with the nuisance caused by the violent upward escape of water against the turbine deck, led 
to the gates in the second series of turbines being designed to shut downwards. The gates 
are regulated by a mechanical relay governor having the gearing, which moves the gdtes, 
operated by clutches put in motion by changes of speed, the motion of the governor bills 
allowing one or another pawl to gear with a ratchet wheel, which gives motion through the 
dutches and gearing to a rack coupled to a lever on the lay shaft from which the. gates are 
directly worked. 

A counterbalance weight is used to balance the weight of the gates and coupling rods. 

While these turbines heve given satisfactory results, the whole of the later series of 6,000 
B.P. and 10,000 H.F. turbines are of the inward radial flow type 
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Gate opening . ^ . 

1-0 

•875 

•625 

•375 

Efficiency . 

•62 

- » — 

•60 

•43 

•80 


Art. 133.— The Jonval Turbine. 

By shortening the casing of the Borda turbine, and adding suitable guide 
vanes to direct the water under pressure into the wheel, Jonval (1843) 
devised a form of turbine 
which had many advan¬ 
tages over and largely dis¬ 
placed the Fourneyron 
turbines then in use. In 
thii>, which is an axial flow 
turbine, water is directed 
by means of radial guides 
into a series of radial buc¬ 
kets (Eig. 228). Since 
each particle of water in 
its motion through the 
wheel remains at approxi¬ 
mately the same distance 
from the axis, the effect of 
centrifugal force on the 
flow becomes negligi¬ 
ble, and the difficulty in 
governing which is so pro¬ 
nounced in the Fournoy- 
ron turbine is thus re¬ 
moved. 

In all axial flow tur¬ 
bines, however, whether 
of the pressure or impulse 
type, the linear velocity of points at the entrance to the buckets varies 
with the radius, and as the velocity of efflux from the guide passages is 
approximately uniform, there is, with radial vanes, only one particular 
radius at which the ratio between the velocities of the wheel and of 
efflux is suited to any given blade angles. For eflScient working, and to 
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avoid undue shock at entrance, the radial width of the buckets must then 
be small compared with the radius of the wheel, and in general should 
not exceed one-fifth of the hitter. 

Governing is usually performed by cutting off the supply to one or 
more guide passages by a circular slide (Pig. 2'24), or by a scroll gate, 
and this greatly reduces the efficiency at part gate. Thus a turbine 
which has an efficiency of, s.ay, 82 per cent, at full gate, will probably not 
exceed 0(i ]>er cent, at half gate. 

The most important improvement in the design of the Jonval turbine 



Fig. 224.—Section through lliinnor ami Guides of Utjwnward Flow Jonval Tmbine. 


Y 

consisted in the subdivision of the wheel into concentric compartments, 
each forming a complete turbine. 

Then by regulating the water supply to each compartment in turn, and, 
if necessary, completely cutting off the supply to one or more compart¬ 
ments, llie wheel may be utilised with fairly high efficiencies, and, by 
supplying compartments at different distances from the axis, may be^ 
given a constant speed under varying heads. Thus with a double turbine .■ 
the outer compartment, having a higher velocity, would be used with a 
minimum supply and a maximum head, while the outer and inner,com¬ 
partments together would be designed to give the same power with a 
reduced head and an increased supply. The vane angles should be 
different in the two compartments. 
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In ])ractice, the turbine is regulated by oijoning the necessary number 
of guide buckets in one cempartmont after another, and while causing 
loss by shock, this is probably the best method of regulation. 

In the case of a Jonval turbine, built for the Zurich Waterworks, to 
work under a head which varies from 4' 9" to 10' 0", the numlwr of com¬ 
partments W'as three. The turbine was designed for 90 H.l’., and the 
outer compartment alone gave this power under the full head, when 
using 6,300 cubic feet per minute. 'Ihe outer and middle compart¬ 
ments together gave 90 II.l’., under a head of 7' 10", using 8,400 cubic 
feet per minute, while the three together gave 90 H.l’. with a head of 
4' 9" using 10,000 cubic feet per minute. The speed throughout was 
■2.5 revolutions, and official tests gave the following results :— 



lload. 

KflicioDcy. 

Outer compartment alone 

10' 

(!" 

73-71 per 

cent. 

Outer and middle together 

7' 

0" ■ 

75‘39 ])er 

cent. 

All three compartments 

4' 

9" 

80-70 per 

cent. 


This type of turbine combines the advantages of fairly high efficiency 
at part gate and of constant s])eed under variable head in a manner 
which is uiKiqualled by any but the- radial inward flow or Francis turbine, 
and is therefore suitable for variable conditions of working. It may be 
applied to beads from 2 fe(4 to 180 feet, and for sj)eeds from 20 to 400 
revolutions per minute, but is more jiarticularly fitted for low and medium 
beads with largt! quantities of water, the large area of the water passages 
enabling it to pass large volumes of water. Since European users are in 
general compelled to take advantage of such sources of jxiwer, this largely 
accounts for the favour with which the .lonval turbine was received and 
for its large development in Euroi^. Of late years, however, it has been ■ 
largely displaced by the inward radial flow turbine, and is not at the 
present time manufactured to any l^rge extent. 

One of its chief disadviintages is, that with a downward flow machine 
the whole wafer pressure is transmitted to the slej) bearing unless pre¬ 
sented, by some special device. One method of doing this is to allow 
the water to flow upwards through the wheel, while in a second method 
a balance piston is fitted to the turbine shaft as shown in Fig. 226, one 
side of this piston being exposed to thfe supply pressure, and any leakage 
past it being drained to the tail-race. By suitably proportioning the 
area of this piston, it then tecomes possible to balance not only the water 
pressure on the runner, but also^the weight of the rotating i)arts. 

H.A. 
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In either case a thrust bearing must l)e provided to take care of any 
unbalanced pressure. This consists either of an ordinary submerged 
step bearing with the shaft running in a lignum-vitw bush, or preferably 
of a suspension bearing placed above tail-water level. The latter method 
provides obvious advantages in the way of accessibility, ease of examina¬ 
tion, and freedom from grit, and enables forced lubrication to be applied. 
One type of susjrension bearing i.s illustrated in Fig. 22.').* Here the turbine 

wheel is keyed to a hollow shaft which 
terminates at its upper end in the lantern 
A. This lantern is connected by the 
feather key J) to the steel shaft C, which 
is fitted with a lock-nut K, by which the 
I vertical adjustment of the wheel may be 
I altered. 

A gun-metal washer F works between 
the hardened steel discs (i and U, of which 
0 is rigidly fixed to the Ixittom of the 
shaft C, and II to the oil cup J, which in 
its turn is cottered on to the shaft K! 
This latter shaft is continued downwards 
and is firmly fixed in a cast-iron socket 
on the tail-race Hoor. The bottom end 
of the shaft C is ])rovented from moving 
laterally by the gun-metal bush 0, and a 
series of radial grooves on each face of the 
washer F enable oil to reach every part of 
the bearing surfaces. 

The comparative ease of regulation 

VCTuS’Stoe sS”® 8“*^- Ioe«ther with the 

large passage areas possible with the 
axial flow type of wheel, led to the d/ssign, for fairly large powers under 
low heads, of the cone turbine. 

Here, as indicated in the sketch (Fig. 22G),''‘ the flow is diagonal from 
the entrance to the exit from the wheel, and the turbine becomes, inter-, 
mediate between the inward radial and the axial flow type. As shown, 
the wheel may be subdivided into several complete wheels of different 
diameters, each of which may be regulated by a cylindrical gate. -This 



’ Wj kind permission of lilessrs. Gilbert Gilkes k €o., Ltd., KendaL 
** By permiMion of Messrs. Uscher, Wyp & Cie., Zarich. 
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type, which has only been manufactured to a limited eitent, is thus more 



loTaiiftsict, 


Feet 

I—■—•» 

Scalf of Ler^ths 

Kio. 22fi.—(\itiu Tmliine, 1,250 H.P., Heart 20 ft. to 30 ft., 120 Kcvoliilions, 
witli Water llainnce Piston. 


suitable where a constant speed is required under a low head which may 
suffer considerable percenta^re variation. 


Art. 184.— Thr Suction Turb. 

An invention of Joiival (1843) greatly increased the possibility of 
adapting the pressure turbine to suit local conditions. This consists irf 
lengthening the vertical discharge pipe until its lower end always dis- 
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charges below the surface level in the tail-race, thus forming what is 
termed a Suction or Draught tube. By this means the turbine may be 
placed at any level, up to about 25 feet' above 
r the tail-race without any loss of head. The truth 
~ of this statement may be seen if it be considered 
that since the pressure in the draught tulw at 
the tail-race level is approximately equal to that 
of the atmosphere (neglecting the kinetic head 
in the tube), the pressure at the turbine will be 
less than this by an amount equivalent to the 
difference of statical head at turbine and tail- 
race, so that the available head at the turbine 
is equal to the difference of level between tur- 
- bine and head-race, together with the difference 
between turbine and tail-race, i.c., to the differ¬ 
ence between head-race and tail-race. Expressed 
symbolic.illy, if suffixes (1) and (2) refer respectively to turbine and tail- 
race (Pig. 227), 

'll’ ~ W ~ 

.•. (Pressure -|- potential) head at exit from turbine, which equals 
jf/ "¥ h — hi feet. 

= - ih - hi) + h, - hi = f = 0. 


m 




a 

I 

1 

1 

■ 


[Bl 

imiiiiH 


1 

1 

1 


.•. Available head for driving turbine = hi — feet. 

< " 

= hi feet. 

'. In order that on starting a turbine the air may be carried out of the 
draught tube, the velocity of flow through the tube should be greater 


' The maxiTnum elevaiidn clujiGiuis largely on the diameter of ihe draught tube, the 
following values, adajited from tliose given by Mt-issner, showing the maximum values to be 
used with a given diameter of tube. *■ 


Diameter of suction tube)^ 
in feet . . . . ( 

'5 

DO 

D.-) 

- , 

2 .*> 

3*0 

4 0 1 »;-o 

1 (. 

80 

1 

10-0 

Maximum possible eleva-| 
tion in feet . . .) 

|.H 

1 

2S-0 

2H-4 ■ 

1 i 

21-S 

23’4 

1 

21-fl j 17-0 

H-a- 

120 


ITrom these values, however, should Ik* subtracted the lieaii —, corresponding to the Velocity 


•f flow* V foct per second,'down the tube. 
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than 2 feet per second. Also the area of the tube at its point of con¬ 
nection to tlio tiirlniK!, sjiould bo as nearly as possible equal to the 
discharge area of the l unuer so as to avoid loss by shock at the sudden 
chang(! of section. The area sbould then increase gradually to the open 
end of the tube, the angle of ll.vre not exceeding about 15 ’ and decreasing 
as the length of tube increases. This servos two useful purposiis, since, 
in addition to changing pai-t of the kinetic energy of discharge into useful 
pressure energy, it usually im[)roves the speed regulation of the plant. 
With quick regulation and a sudden closing of the turhine gates, the 
inomentuin {)f the suction eoluinn may break the column and cause a 
vacuum at the turbine.' Immediately this action is overcome, atmospheric 
pressure forces wat '.r up the tubes again, and this may strike the runner 
with great force. Even a small change of load may set up such pulsa¬ 
tions, which are detrimental to steady running and are reduced by the 
use of a conical draught tube. 

When fitted to a pressure turbine, water will, in general, enter the 
draught tube with a not inconsiderable velocity of whirl, and with a tube 
of large diameter when working at part gate, an air core may be formed 
in the tube when starting up the plant, and may exist for some consider¬ 
able time before being expelled. The turbine then loses the advantage 
of the tubi! to some extent. To obviate this, gates for throttling the 
lower end of the tube have sometimes been used. While advantageous 
when starting the turbine, they arc, however, not often fitted on account 
(,f the expense. 

The lower end of a draught tube should always be bell-ir*outhod to 
facilitate the escape of water. 

The draught tid)e is applicable to any type of pressure turbine, but 

I L(*l the sucti'm tube be parallel; I feet Ion?; dipping h,i ftnit below the surfatte in the 
tail-race, and suppo.se air leakage increases.! the pressure at the top of the tube by the 
ecpiivalent of feet of water. * 

Thus ft>r sepaitiliijii due to downwanl momentum we must have 

31 ■- (/ - ) — Art “ ^ “ 

32 

tt ! (3 i 1 h,i — Art ) — 1^2 feet per si-eoiid per second. 

K.XAMPLIi. 

= 2 Uw. per Hpiare inch, h,^ - -Im; fei't, / = 2S feet, A,e =- 3 feet, 

32 

Thu.« a — .7^ (37 - f’li) — 32 = h f(iet ])er seoofid per second. 

If r = 8 feet per second, sej arulion wouhl lake place if I he gate.s were shut in less lime than 
I'll seconds. Actually since the retardation is not nniftirm dining a uniform closing of the 
gates, but increases to a maximum at the instant uf closing, this rotardaliou would pi-obably 
1^ attained if llie tnuo of clusiug were leas than three seconds. 
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more particularly, for mechanical reasons, to the inward flow type. It 
is not commonly used with impulse turbines, though it may be fitted if 
desired. 

The pressure turbine thus fitted possesses many advantages over the 
subniergwl type. The turbine is dry when the head water is cut off, 
and is easily accessible: a horizontal shaft machine may frequently be 
adopted where otherwise this would be impossible, and the general 
accessibility for examination and repairs is greatly increased, while the 
risk of damage to machinery by floods is diminished. 

With a single horizontal shaft turbine, or with two horizontal turbines 
on the same shaft if these discharge outwards, it is necessary for the 
wheel shaft to pass through the draught tube as in 
P’ig. 228, and a stuffing box becomes necessary to pre¬ 
vent leakage of air into the tube. Tightness is com¬ 
monly assured by means of a water seal, consisting of 
a chamber 6' surrounding the shaft(Pig. 229), and sup¬ 
plied with pressure wattsrfrom the penstock by means 
of a small pipe 7’. Any slackness at the gland then 
allows this pressure water to escape outwards, or into „ , 

the draught tube, and does not lead to air leakage. for Draught Tube 

While the draught tube often discharges vertically stuffing Box. 
into the tail-race, it is advantageous to fit a right-angled bend beneath 
the water level at exit, and to discharge in the direction of flow of the tail- 
race. By so doing the kinetic energy of discharge is not entirely wasted, 
a fair proportion being utilized in producing this flow. A Aill further 
proi)(<nion may be ulilizetl if the section of the tube be gradually 
increased towards its exit. 

Art. 1.25.— Tfb Francis Turbine. 

The next important step in turlnne development was due to J. B. Francis 
(1849), who, placing the guide vanes outside the wheel, and reversing the 
direction of flow of the i’ourneyron turbine so as to discharge at the 
centre, obtained the inward radial flow turbine bearing his name 
(Fig. 280). 

Sewal important advantages accompanied this change in design. 

(1) The inlet ports and wheel passages now being convergent, steady 
flow became possible throughout the whpel. 

(2) The increased accessibility of the guide passages and vanes made 
it possible to use improved methods of regulating the flow of water to the 
runner. 
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!.8) Any increase in the speed of rotation, by increasing the centrifugal 

prussuri! at the outside of the wheel 
and at the outlet from the guide pas¬ 
sages, tends to check the how through 
and the supply of energy to the wheel, 
which now heconies to a ccu-tain ex¬ 
tent self-regulating. 

(4) The centrifugal pressure of the 
water als{) balances the pressure due 
to a portion- in practicis generally 
ahiiut one-half of the supjily head, so 
that only oiui-half of the jjressnre. 
head at entrance is ahsorhed in pro¬ 
ducing velocity of iiiHux, the other 
half remaining as pressure h(!ad and 
being gradually absorbed in its pas- 
sagi! tbrough the wheel. The velocity 
of inllux is thus never griiater than 
about ijij li, and hydraulic friction 
losses are thereby much reduc(<d, while 
Fio.2mi.-K,™nvn.H,injMva,im,,siUc eorresponding reduction in the 

ptM’iplionil spoiL'd of tlio whool niiables 
this to be applied auceessfiilly to very bif^Ii lioiidK, up to alxuit 500 feet. 
Since the uieiiii velocity of iiov^ii jui iiiwuvd ilow turbine is less under 



P’lO. 231.—Oulsitie llogisler Gate. 


a given head than in ah outward flow, or axial flow machine, the size ot 
wheel is greater for a given power. As the size is usually increased axially, 
|he extra cost is, however', only small. 
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(5) In this type of turbine the supply water when moving with its maxi¬ 
mum velocity (at entrance)^is admitted to the wheel at its outer circumfer¬ 
ence, and consequently at its most rapidly moving part. It thus becomes 
practicable to design the guide passages and inlet vanes so that even for the 
highest heads water may he admitted to the wheel without shock, while 
since the water leaves 
at the centre, which is 
the most slowly moving 
part of the wheel, it is ® 
more easily discharged \ 
without excessive loss 
of kinetic energy. 

The wheel was im¬ 
proved by constructing 
its vanes so as to give 
a comliined radial and 
’ axial discharge, and to 
this end these vanes at 
exit are given a curva¬ 
ture in a direction i)aj'al- 
hil to that of the disc 
(see Fig. 230). This 
largely increases the 
available dischai’g(! area 
and enahlis a gnaiter 
volume of water to he 
handled with a given 
size of wheel. 

Regulation is usually 
performed by throttling 
the supply of water to 
the wheel either by slid- 

ing cylindrical gates, register gates, or wicket gates. The cylindrical gate 
usually consists of a plain cylinder throttling the supply at the entrance to 
the wlieel buckets (Fig. 230). In some instances these gates have been fitted 
with fingers fitting between the guide vanes, as indicated in dotted lines 
in Fig. 230, with the idea of diminishing,the contraction in section of the 
entrant stream, and thus the loss by shock at part gate. While this object is 
realized to a limited extent, yet the introduction of the fingers, as will be 
explained later (p. 525), renders close speed regulation almost impossible.' 
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The register gate, which consists of a rotating cylinder gate, and of 
which two types are illustrated in Pigs. 231 and 232, has the advantage 
that the travel necessary to cut off the supply is small, and therefore 
tends to more rapid regulation. On the other hand, it is very liable 
to get out of order where floating material in the water may jam between 
gate and guide or wheel vanes, and is less efficient than the plain cylinder 
gate at part load. In view of these disadvantages, these gates are now 
practically obsolete. The latter remark also applies to the original form 
of wicket gate, which, as its name suggests, consisted of a series of plates 

pivoted either at their ends 
or preferaldy at their cen¬ 
tres, and which throttled 
the supply by closing the 
guide passages as the plates 
were rotated. As modified 
by Professor Thomson and 
by Fink and others, the 
wicket gate, however, gi ves 
very close and efficient* 
regulation under widely 
varying conditions. It will 
be considered in further 
detail in Art. ISO. 

Where a draught tulte is 
fitted, regulation may be 
performed by means of a 
butterfly valve placed in 
. the tul)e so as to throttle 
the discharge. The draw'- 
back to this system is that 
the valve is large and heavy, possesses considerable inertia, and requires 
a large force to move it, while part gSte efficiency is low. This method 
of governing has been adopted with success as regards speed regulation 
in the cfise of Francis turbines of 6,000 H.P. working under 135 feet head 
at the Shawinigan F’alls.* Here the penstocks are of considerable length, 
and the method promised to give better results than gates on the pressure 
side of the turbine runuei-. 

F'igs. 233 and 234 illustrate noteworthy examples of Francis turbines 
with cylinder gate regulation.. F'ig. 233 shows one of a series of turbines 

^ For a description of the plant see Magaxint, June, 1904. 



FlQi' 23,?.—Francis Turbine with Cylinder Gate Kegula* 
tioD developing5,.")(«) II P.at2rj(> revs, per min. under 
» 146 feet head. Penslock 7'6" di.am. « 
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installed in 1900 in Power-house No. 2 of the Niagara Falls Power Com¬ 
pany.* These are single^ Francis turbines with vertical shaft direct- 



coupled to a dynamo, and developing 5,550 H.P. at 250 revolutions per 
minute under a head of 146 feet. The turbine runner is 5' 3" outside 

* By Messrs. EscUer, Wyss k Cie., Zurich. 
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diameter, and regulation is performed by an annular bronze ring operated 
by an oil pressure relay governor (see Art. ip), and arranged so as to 
elose V its own weight. 

Power is transmitted through a tubular steel shaft 38 inches in diameter, 
the weight of this shaft, which is 120 feet long and weighs 71 tons, teing 
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Scale of Lengths. 

Fig. 234b.— 'Sectional Elevation of Double Francis Turbine for 10,2.*i0 IT.P. Cana<linn 
Niagara I’ower Oo. 

• 

balanced by the upward pressure on the balance piston J’, which ip 4' 5", 
diameter. The under side of this piston is exposed to the full supply 
bead by means of a pipe not shown in the sketch, and any leakage past, 
:he piston escapes directly into the tail-race. Any unbalanced end thrust 
m the shaft is taken up by means of a thrust bearing on the top dfeck. 
The draught tube is forked to keep the tail-race free, and is arranged so 
iS to give 22 feet of suction head. 













FRANCIS 'turbine 


Figs. 234’ A, B, c, » and b, illustrate one of a series of double Francis 
turbines installed (1903) in the power-house of the Canadian Niagara, 
Power Company. These are vertical shaft machines, each direct-coupM 
to a generator and developing 10,250 H.P. at 250 revolutions under a 
head of 133 feet. 

Power is transmitted through a tubular steel shaft 40 inches diameter 
and '582 inch thick. The weight of the rotating parts is about 120 tons 



Chamber 
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Scale of Lengths. 

Fig. 2ii4c.—Seel ion through Lower Runner ami llalancc Chamber of 10,250 TI.?. Turbine. 


and is balanced, partly by the upward pressure on the bottom face of the 
lower runner, water under the ftill pressure of the supply head being 
admitted to a biibince chamber (Fig. 234c), beneath this runner, and 
partly by the upward pressure Tm the rotating balancing piston P 
(Fig. 234 b), which is mounted on the turbine shaft, and which is 
exposed oveF its under side to the full pressure of the supply head. 
Leakifge past this piston is drained away to the tail-race, and by adjusting 
the valve on the pipe S which supplies pressure water, the upward pressure 
on the piston may he regulated with great nicety. Any unbalanced load 
is supported by the suspension bearing (Fig. 284n), which is placed on 
the upper deck. In this bearing, oil under a pressure of 375 lbs. per 


^ By coiulcsy of Messrs. Escher, Wyss k Cie. 
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square inch is supplied to the annular chamber C surrounding tbe 
ibush B, and escapes outwards between the fixed and rotating discs at D. 



Scale oF Lengths. 

Fio. 234 d.- -Main Footstep Bearing for 
10,250 H.V. Turl)ine. 


These discs have an outside diameter 
of 36 inches and a hearing area of 
about 780 square inches, the upper 
thus floating on a film of oil and 
giving a very frictionlcss bearing. 
The hollowed screwed spindle H is 
14" outside and 8|" inside diameter, 
and is provided with two locknuts 
at N, by means of which the turbine 
shaft may bo adjusted vertically. 
Any slight swing or lateral wear of 
the shaft is permitted by the spheri¬ 
cal bearing surface of the lower 
disc. 

Speed regulation is performed by 
a centrifugal governor (Fig. 284e), 
operating a regulating valve which 
regulates the supply of oil (main¬ 
tained at a pressure of 1,120 lbs. per 
square inch) to the upper side of a 
relay cylinder C, the downward pres¬ 
sure on this piston overbalancing 
the weight of the gate mechanism 
and thus operating the cylindrical 
speed gates. Adjustment of the 
speed while the turbines are running 
m%y be performed by the hand regu¬ 
lating wheel //. 

.The turbine runners have a di¬ 
ameter of 64 inches and a blade 
depth of 11‘8 inches, •while each 
carries twenty-one vanes. • The 
guide vanes are twenty-two in num¬ 
ber. The tail-race which takes the 
discharge from the whole battery 
of turbines is 2,.')90 feet in length, 


and has a gradient of 7 iu 100, being designed to discharge, at full Idhd, 


I 


#,800 cubic feet of water per second. As ,the sectional area of the tail-. 
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race tunnel is 36() square feet, this gives a velocity of efflux of 24 feet per 
second. - 

With the Francis turhiue and cylindrical gale regulation, the full-load 
efficiency may be as high as 88 pur cent., but this efficiency falls rather 



rapidly as the gate opening is diminished, and does not in general 
exceed 75 per cent, at half gate. Two Francis turbines installed at 
Schaffhausen in an open water chamber, and developing at full load 
434 H.P. at 169 revolutions and under 13'6 feet head, gave the following 
efficiencies 
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Gate opening 

i 

i 

• 

Full. 

Efficiency . . •. 

Tl% 

82-6 % 

86-6 % 


Where an ample water supply is available this falling off in efficiency is 
unimportant, and as this turbine admits of a simple and fairly cheap 
construction, and is capable of close speed regulation, it often forma the 
most suitable type to use. Whore, however, high part-gate efficiency is 
more important than low first cost, one form or other of the turbine 
invented by Professor James Thomson becomes advisable. 

Art. I.'IC.- The TnoJisos Vortex Turbine (Fio. 23.*)).’ 

The special features of this turbine, which is an inward radial flow 
machine, consists in the fonn of chamber in which the runner is mounted, 
called the vortex chamber, and in the type of guide vane adopted. The 
runner, which is similar to that of the Francis turbine, is mounted inside 
a spiral casing. Water enters tangentially at the largest part of the spiral 
(as shown in Fig. 236), and sweeps around the casing, the area of which, 
is BO arranged that the linear velocity of the supply water is the same at 
all points of the circumference. A common, but less correct type of con¬ 
struction, is that indicated in Figs. 235 and 237, in which the water enters 
the casing radially and dividbs into two streams flowing along either side 
of the wheel. In either case th% entering water is directed into the wheel 
buckets by a series of guide vaffes placed around the outer circumference, 
these being designed so as to follow the lines of flow in a spiral vortex. 
These guides vary in number from four to eight and are movable, being 
pivoted near their inner ends, so as to he aiiproximately in balance. They 
we coupled together by a aeries of belbcraiik levers and links as indi- 
jated in Pig. 286,^ so as to rotate together and shut off water equally from 
all parts of the wheel. Motion is given to these guide vanes either by 
hand or by an automatic governor. Where the load and the supply head 
we constant the guide blades may be fixed, the ports then being 
lesigned so as to give the full-power flow. This gives a much cheaper 
machine, and where a battery of turbines is in use, it is in general prefer¬ 
able to give fixed blades to all but one or two, regulation for small load 
variations being performed by those machines having movable guides, 
and for large variations by cutting out one or more of the machines with 
fixed guides. 

' l!y courtesy of Messrs. G. Gilkes i Co., Ltd., Kendal. 

* By courtesy of the Platt Iron Works, Dayton, Ohio. 
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This turbine may be constructed either as a double or single vortex 
wheel. In the double whegl a series of vanes is fixed on either side of the. 
runner disc, which is keyed to the turbine shrift. Discharge takes place 



Ft(}. 2Sr».—Thomson Vertex Turbine. 

radially at the centre, and the water is then diverted axially through two 
discharge pipes, or draught tulies, placed,one on each side of the wheel. 
This gives a wheel which is perfectly in balance as regards end thrust. To 
facilitate the discharge, the wheel vanes are usually curved at their outlet 
edges so as to direct the discharge water in the direction of the axis, 

H.A. 






49J. HYDRAULICS AND'ITS APPLICATIONS 

while for the same reason only alternate wheel vanes are carried to the 
centre. This has the further advaiitaso of reducing friction losses. This 



double vaned wheel with pivoted guide vanes is very suitable for medium 
and fairly high falls where the load is very variable, and where an 
economical use of the supply water at all loads is essential. The fuU’Joad 
efficiency is high, up to 87 per cent, under favourable conditions, while 
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the part-load efficiency ie also high, half-load efficiencies of as much as 
82 per cent, being on record. The turbine may be constructed with either 
horizontal or vertical shaft, mechanical considerations rendering the 
former construction preferable. 

In the single vaned wheel the vanes are fixed on one side of the rotat¬ 
ing disc, and discharge takes place on one side only. The disc is there-, 
fore subject to end thrust, which must either be hydraulically balanced or 
taken up by means of a suitable thrust bearing. This disadvantage, 
which is common to all single discharge pressure turbines, may be over- 



FiG. 2S7.- -Arrangement of Vortex Ticbine with Horizontal Shaft and Draught Tube. 


come by mounting a pair of similar wheels on the same shaft, the flow 
being in opposite directions through the two wheels. The two end thrusts 
thus balance each other, while the arrangement has the further advantage 
for electric driving, that with a given head, since two smaller wheels are 
used instead by a single larger one, and since the peripheral speed of the 
wheel depends solely on the head, the speed of rotation is higher with the 
twin wheel. The single vaned wheel with vertical shaft is well fitted for 
low or medium falls and where the quantity of water available is large 
and the head is variable. Its efficiency is practically the same as that,of 
the double wheel. 


E K 2 
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The method of regulation by pivoted guides has many advantages. Of 
these the following are the more important^ 

(1) At all gates the guide passages are of a gradually convergent form 
md offer easy curves to the supply water. 

(2) Water is admitted (with the spiral easing) evenly all around the 
jircumferenee. 

(3) The guide vanes are easily moved, and an easy and rapid regulation 
)f speed under sudden load variations is possible (specially important in 
deetric driving). 

(4) The guides may be arranged to give a small difference in the inclina- 
;ion of the stream entering the wheel buckets, together with a large 
iifference in flow, and therefore to give a constant speed with a constant 
lead and under a variable load, or may bo so arranged as to give a greater 
ihange in inclination of the guides with a medium change in the flow, 
ind thus to give a fairly constant speed under a variable head and variable 
oad. 

(6) The efficiency at part gate is high. The following test results have 
leen chosen as showing how the efficiency varies with gate opening in 
ihis type of machine. 


(a)* 4i>'' diameter, single wheel, 
28J' head, I,(X)0 H.P., at 286 
revolutions. 

(late opening 

•2 

•4 

■6 

1 

•8 ! 

1 

•9 

Efficiency . 

70-9 

77-4 

78-4 

78-4 

78-3 

H.P. 

209 

469 

712 

950 



QuantidP^ of water, | 
cubic feet per minute . i 

1 

783-3 

1,615 

2,124 

2,195 

3,600 


■ 



Kevolutions. 

Efficiency. 

1 

1 

1 

1 

t 

i gate 

86-0 


200 

■ 21-8 

186 

i 

86-2 




• 

full „ 

85-4 

i 

' 1 




i gate 

80-0 

icf 

1,060 

322 

' 500 

i » 

85-0 



! 


full „ 

79-0 

1 


> By the Platt Iron Works, Dayton, Ohio, at the (juebec Railway Light and Power 
ionlpany’a Plant, Uontmorency, Quebec. 

•;By Messrs. Esoher, Wyss Jt Cie., at Sihl Paper Mill, Zurich. 

■ By Messrs. Escher, Wyss It Cie., at Beutte, Austria. 
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Strictly speaking, the spiral casing forms an essential part of the 
Thomson wheel, though this may be replaced by an ordinary cylindrical 
casing (Fig. 237), or the turbine be submergfeJ in the open penstock with 
free approach from all sides (Fig. 238), without seriously affecting the 
efficiency. 

Where, however, it is required to take off power below head-water level 
a casing is essential, while in any case it is advisable for heads exceed¬ 
ing 10 feet. For medium falls above 10 feet, the horizontal shaft machine 
is, in general, to be preferred. 

As modified by Fink and others, the pivoted guide vane devised by 
Thomson is largely fitted to modern turbines of the Francis type, these 



Fl(i. 2.J8. AiTangumcnt of Vertical Shaft Single Vortex or Combined Flow Turbine 
working uiiiler f^ow Head in Open Forebay. 

turbines only differing from the foymer type in that the guide vanes are 
shorter, while their number is increased until approximately equal to the 
number of wheel vanes. , 

The machine as thus constructed is tetter fitted for dealing with large 
volumes of water, and may be taken as being at present the most perfect 
type of pressure turbine. , 

Figs. 239 A, B, c, 1), E,* illustrate with some detail what is one of the 
largest single wheel turbines of this type yet built. This wheel, which 
has inward radial flow and combined' radial and axial discharge, is 
designed to give 10,000 B.H.l’. at 800 revolutions per minute, under an 

» At Hnotjualmie Falls; reprmluced by courtesy of the makers, the Platt Iron Workfi 
Payton, Ohio, 
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effective head of 260 feet. The runner is mounted in a spiral casing and is 
66 inches outside diameter and inelies wide'through the vanes, which 
are thirty-four in numl)cr. 'The guide vanes, thirty-two in number, are 



Fw. 289a.- Front Elevation of Sinj^lc Wheel Horizontal Shaft Francis Turbine for 
' Snoqualmie Falls, developing 1(),(HK)'T1.V. at 8 (k> reys. per min. under 200 ft. hcalil. 


Df the pivoted type and are connected by means of arms projecting' 
radially inward, as shown in Fig. 239ii, to a movable ring concentric with 
the turbine shaft. This ring is rotated by means of a pinion actuated by 
she governor, which gears into a rack mounted at the extremity'"of a 
Eoclyng lever. This lever transiyits its motion to the ring by means erf 
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two links coupled to the ring by pins set at 180°. To prevent end thrust 
on the guide spindles due to leakage of pressure water behind these, 



Fitt. 239b. —Hear Elevation of Francis Turbine for Snoqualmie Falls. 

s 

drainage passages are arranged to carry away any such water into the 
space behind the wheel. 

In order to tie the two sides of the housing together, a series of tie 
diaphragms are provided outside the swivel guides and are so formed as 
to act as preliminary guides. The turbine proper lias only one bearing, 
the direct-coupled generator hav,ing two bearings, making the whole unit 
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a three-bearing machine. The turbine runner is a steel casting whose 
radial depth is very slightly greater than the vanes, the shaft being 
enlarged into a disc of sufficient diameter to permit of bolting the vane 
ring directly to it. The vanes are finished smooth by filing. 

Owing to the large diameter of the wheel and the high statical pressure 
at entrance, special means were necessary to balance the considerable end 



PlQ. 2390.—Cross Reolion and End Elevation of Turbine for Rnoqiiaimic Falls. 


thrust on the shaft. Owing to the leakage of pressure water into the 
space behind the wheel, the rear face is subject to a pressure substantially 
equal to that at entrance, while^the front face is subject to a pi^ssure. 
varying from that at entrance to that in the draught'tube. This 
produces a large excess of pressure towards the draught tube, and although 
the axial discharge, by producing a change of momentum in an 'axial 
direction, calls for a reaction on the wheel in the opposite direction, 
yet the effect of this.is sinall in comparison with that previously, 
considered. 
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The greater part of the pressure thrust is eliminated by venting the 
Bpaee behind the wheel into the draught tube through six holes in the 
wheel disc, while a series of radial vanes c^st on the back head of the 
wheel casing and almost touching the wheel prevent the formation of a 
forced vortex behind the wheel. The increase in pressure outwards, due 



Fir;. 23!>l>.—LongU.mlinal Section of Single Wheel .TTorizfjntal Shaft Francis Turbine 
developing 10,000 TT.P. al 300 It-P.M, lender 200 ft. effective head. Outer diameter of 
runner 66 ins. 

* ^ 

to centrifugal action, is thus prevented to a large extent, and the mean 

pressure reduced. There is, however, a resultant thrust towards the 
draught tube, which increases with the gate opening, and a closer balance 
is obtained by means of a balancing piston behind the back head of the 
wheel casing. This is a forged enlargement of the shaft, 17 inches in 
diameter, and works in a water-packed brass sleeve as shown in Fig. 289d. 
The chamber in front of the piston is supplied with pressure wate?, 
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from the supply pipe through a strainer, while the space behind the 
piston is drained into the draught tube. A ctuistant thrust towards the 
left is thus produced, and sipce there is a small leakage past the piston 
this thrust may be very accurately adjusted to suit the conditions of 
running, by adjustment of the supply valve. Any remaining thrust due 



.- c I 

Details »£ Gate Gonnections. 

Fig. 230e.—D etails of Turbine for Siioqualniic Falls. 


to change of load is taken up by a collar thrust bearing situated behind 
the balance piston. An adjustment of the balance piston supply valve to 
|jive balance at f full load renders the thrust bearing liable to a jiosBible 
thrust of about 2.5,000 lbs. at maximum, or very low loads. The collars, 
four in number and of 16J inches mean diameter, have a total bearing 
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supply pipe is 5 feet 3 inches and the discharge 6 feet 6 inches 
diameter. A test of this \Yheel when driving 10,000 H.P. is stated to 
have given 84 per cent, efficiency, though the figure is subject to the 
inaccuracy of tho method u.sed for measuring the water consumption. 
This was deduced from the fall in pressure across the head gate, whose 
opening was accurately known. 

A number of test results of typical modern Francis turbines are given 
in the table opposite,' the general arrangement of each turbine being 
shown in Fig. 240. 

Art. 137.-"Compound Turbines. 

One possible method of getting over the difficulty of adapting pressure 
turbines of small power to very high heads consists in compounding two 



A woo 1500 2000 2500 3000 3500 4000 4500 5000 

Revs per Hmute. 

Fio. 241.—Rfficiency Curves for Single^and for Quadruple Compound Turbine. 

or more runners in series on the same shaft, the fall in pressure and the 
work doue then taking place in stages. Ag will be shown later, the peri¬ 
pheral speed of a pressure turbine for maximum efficiency is proportional 
to J H, where H is the working head, so that by doubling the number oi 
runners the rotative speed is reduced in the ratio 1: sT^ — '707. 

This reduction in speed has the effect of reducing disc friction, and the 

> By Professor F. Brazil, “Proc. lust Mech. Engiueerai” 1910-11. 
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hydraulic resistances in each chamter will be less than in the single 
thamber of the larger wheel. ^ 

Since, however, these losses are duplicated in each successive chamber, 
and since in addition there is a loss of head due to the resistance of the 
connecting passages, it is not to be expected that the efficiency of the 
compound will be so high as that of the single chamber turbine. 
Experiments carried out by the author on a small inward radial flow 



Fig. 242.—General Arrangement of Twin Mixeil-FIow Turbine with Horizontal Shaft. 

and axial discharge turbine fitted with four similar runnerp in series, and 
which could also be worked as a single turbine, showed that for this machine 
at all events this conclusion is correct. Fig. 241 shows the efficiency curvea 
obtained from the two turbines; A when working with a single runner; 
B with four runners in series, under approximately the same head^- 
,. Here the outer diameter of the runner = 8'36 inches. 

■., inner „.(mean) „ „ = 1-675 „ 

Vanes radial at inlet. Head = (approx.) 85 feet. 
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Art. 138.— The “ American ” Type or “ Mixed Flow ” Tdrbinb. 
While the improved Francis or Thomson turbine is undoubtedly the 



FlO, 343.--Section through Guidos and Runners of Victor Mixed-Flow Turbine with Cylinder 
Gate; 179 H.P. at 664 revs, under CO ft* head. 


most efficient and offers advantages in respect of ease of regulation and 
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high part-gate efficiency which are unequalled hy any other type, the 
high first cost prohibits its use in many instances. The demand, particu¬ 
larly in the United States, ^for a turbine suitable for low and medium 
falls, which must above all things be cheap, and in which the efficiency 
need not necessarily be very high, has led to the development of a type 
of machine which, although for many years confined to the United States, 
is at present being manufactured in some numbers in Great Britain and 
to a less extent on the Continent. The Hercules and Victor low-pressure 
turbines may be taken as representative of this class. 

These machines, which are almost invariably fitted with fixed guide 



Kiu, 214.—Uuniicr for ir, in. Mixeil-How Victor Tiiiliino. 


vanes and regulated by means of the cylindrical gate or ring .sluice, have 
ilxward radial flow as in the Francis tutbine. After the inlet the wheel 
buckets are curved both laterally and vertically, the water in its 
passage through the wheel tracing out‘a path which is approximately a 
quadrant of a circle, and being finally discharged partly in an axial and 
partly in an outward radial direction. ‘ 

Pig. 242 shows the general arrangement of an enclosed doubled hori¬ 
zontal shaft turbine of this type, while Pigs. 243 and 244 show details of 
the guide vanes and runner of a Victor turbine,* as designed to develop 
180 H.P. when running at 665 revolutions per minute under a head of 
SP^feet. The vanes at the outlet are spoon-shaped. By this typ_8 of 

‘ By coartesy of the makers, the I’latt Iron Works, Dayton, Ohio. 
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construction an extremely lar(»e discharge area is ensured, while by 
snaking the wheel deep at ijilet, 


the inlet area is corresponding¬ 
ly increased. The wheel thus 
becomes of very .compact con¬ 
struction and is capable of deal¬ 
ing with a large volume of 
water, but has the grave defect 
that in virtue of this great 
depth its efficiency at part gate 
is comparatively low. 

In the turbine illustrated, 
the wheel diameter is 15 inches 
and the depth 7^ inches at 
entrance, while at exit the di¬ 
ameter is 18| inches, the over¬ 
all depth of the vanes being 
14i inches. The guide vanes, 
twenty-seven in number, are 
fixed, and giv(! a mean inlet 
angle of about 20°. The whecd 
varies, nineteen in number, are 
flat at entrance, and are in¬ 
clined forwards towards the 
direction of rotation, making 
an angle of alwut 110" with 
the tangent to the inlet 
circle. 

The vane angle at exit varies 
from 12° to 20", the minimum 
value being that allecling the 
radial outward discharge. As 
may be readily understood, the 
difficulty of designing these 
exit eSges so as to give the 
correct inclination at each ra¬ 
dius is almost insuperable, and 
experiment proves the only 



Kw; 24ri.— “New American'’ Tnrbine. 


safe guide as to the precise curvature to give to the vanes. Governing is 
performed by means of a cylinder gate cet between guide vanes and whee^ 
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eliding axially and receiving its motion from two draw-bars which carry 

racks gearing with pinions which 
are actuated either by an auto¬ 
matic governor or by hand (Figs. 
228 and 242). 

As thus constructed the tur¬ 
bine is capable of a full-load effi¬ 
ciency of about 82 per cent., fall¬ 
ing to' about 65 per cent, at half 
gate. 

In the Hercules turbine the 
wheel vanes are provided with a 
series of horizontal wings or pro¬ 
jections, which to some extent 
serve the purpose of separate com¬ 
partments in confining the effect 
of throttling to one portion of the 
wheel and thus increasing the 
part-gate efficiency, at the ex-i 
ponse, however, of that at fuil 
gate. 

Fig. 245 shows tlio general 
arrangement of a vertical New 
American turbine, in which the 
admission of water is controlled 
by the wicket gates 0. These 
are operated through a ring, 
which is moved by a link con¬ 
nected with the governor through 
'the shaft S. 

Fig. 246 illustrates the Sam- 
son-Leffel turbine, which com¬ 
bines a radial inflow runner of 
the Francis type with an inward 
•-I ' admission and axial dis- 

i turbine oi charge runner of the typical 

the guide vanes and runne. American type of turbine. Jlere 

160 H.P. when running at again the gates are of the wicket 

30'feet. The vanes at the onirovernor through the pinion Pandgpared 

* By courtesy of tbe mafcera, the - 
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If specially designed for the particular head, flow, and speed of rotation, 
this class of wheel is well adapted for moderate powers and for medium 
heads up to about 35 feet whore the head is fairly constant, and where 
part-gate efficiency is unimportant as compared with low first cost. The 
general practice of manufacturing it in stock sizes, and of supplying that 
size which most nearly meets the requirements of the purchaser instead 
of designing the machine to suit its location, together with the fact that 
such American machinery has in the past been characterized by a 
flimsiness of construction unusual in English and Continental practice, 
has, however, had the effect of discrediting this class of turbine among 
European engineers to an extent greater than its inherent disadvantages 
deserve. Evolution in this type of machine would appear to be tending 
in the direction of fewer and deeper buckets with wider openings to avoid 
obstruction. 

Aiit. 13!).—Governing of Turbine Plants. 

The diffi(!nltie8 in the way of the cflicient speed regulation of a water 
wheel or turbine are many and peculiar to this form of motor, and the 
problem is much more complicated than in the case of a steam engine or 
turbine. In either type of motor, when running at a uniform speed there 
is an exact balance l)elwecn the energy given up by the motive fluid per 
unit time in its passage through the motor and the energy absorbed in 
useful work and in overcoming friction. If more load is thrown on, in 
either case the speed diminishes until the work done against th^increased 
resistance is again equal to the energy given up by the fluid. 

In the case of a steam engine or turbine, directly the speed diminishes 
the governor alters the admission valves, admits more steam to the 
cylinders, and in a very short interval of time an exact balance is again 
set up between the supply of and, the demand for energy, so that the ’ 
engine again runs at a uniform, though slightly lower, speed. The 
admission valves being light and ejisily moved, the governor itself is in 
general quite capable of adjusting these rapidly and accurately, while, 
since the steam is an elastic fluid and in a state of high compression, any 
slight opening of the valves is accompanied by an instantaneous rush of 
steam at high velocity. 

Also, since the amount of available energy per pound of high pressure 
steam is very great, the mass and inertia'nf the column of motive fluid arc 
comparatively small, so that its velocity may be rapidly changed without • 
any appreciable change in the pressure in the steam chest. Thus, in an 

efficiently governed steam engine, fitted with a flywheel of fair size, it is. 

• ^ 



616 HYDBAULICS AND ItS APPLICATIONS 

possible to throw the whole external load off with an instantaneous 
increase in speed not exceeding 2 per cent, of the normal and with a final 
increase of less than 1 per cent., the time to attain this normal spsed not 
exceeding .'5 seconds. This, then, is the ideal to be aimed at in the 
governing of a water-power plant, and while such close regulation as this 
is practically impossible, an examination of the special difficulties to be 
overcome in this case will indicate in what direction their most satisfactory 
solution is to be found. 

In the first place, the motive fluid (water) is almost incompressible, 



Kia. 247.—Governor willi Meclianie.al l!cla.v ns fiUoil Uj Girard Turbine. 
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and contains a much smaller store of pnergy per unit weight than in the 
case of steam, so that a similar demand for energy must be followed by a 
largely increased mass flow. The only force available to give the water 
this increased velocity is that of gravity, and it follows that evenjn the 
most favourable circumstances, i.e., when the turbine is set directly in an 
open forebay of ample dimensions, this velocity cannot exceed that due 
to the supply head. Where the turbine is supplied through a long' pipe 
line of small slope the state of affairs is much worse, since the force of 
gravity has now not only to produce increased mass flow and hence to 
give increased kinetic energy to the moving column of water, but has 
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also to overcome the pipe resistance, with the result that the possible 
acceleration of the supply’column is reduced. 

Next consider the action of'the governor^ In reply to a demand for 
energy, denoted by a reduction in the speed of rotation, the governor 
attempts to open the turbine gates. These may be very massive, possess-’ 
iiig considerable inertia, and may in a<lditio,i, through working submerged 
in wat(!r containing solid matter in suspension, offer considerable frictional 
resistance to rotation. 

The governor it.self is thus quite incapable of giving the required motion, 
and some form of relay becomes necessary. A device which was often 
adopted in the earlier days, but which is now practically obsolete, con¬ 
sisted in a system of fast and loose pulleys, mounted on one shaft and 
driven from a countershaft by means of two belts, one op(!n and the other 
crossed. 

The position of these bolts, one of which is always riding on the loose 
pulley, is regulated by the governor, and as in consequence the open or 
crossed belt conies to ride on one of the fixed pulleys, the direction of 
rotation of this shaft changes. Its rotation causes the turbine gates to 
open or Close and thus regulates the speed of the wheel. 

Two types of a more modern mechanical relay device are shown in 
Figs. 228 and 247. In the latter,' a double ratchet is worked by a link, 
as shown, from a lay shaft belt-driven from the turbine shaft. A ratchet 
wheel, which is mounted on a second lay shaft by w'hich the turbine gate 
is directly operated, is wholly or partially masked by a plate whose position 
depends on the height of the governor. Thus, mider normal conditions 
of working, the plate covers the wheel so as to put both pawls out of gear. 
Any increase in speed then raises the governor, rotates the guard plate, 
and allows one pawl to gear with the ratchet wheel, rotating the lay shaft 
and closing the turbine gates. A decrease in speed causes the second' 
pawl to be put into gear, and thus produces an opposite rotation of the 
lay shaft and an opening of the gi^tes. 

With any such type of mechanical device, however, some considerable 
time is required to open a sluice gate, and while for such a purpose 
as dijviug textile machinery, where t|;e changes of load are relatively 
small, this type fulfils the requirements, yet for electric driving for 
lighting and power transmission, where a constant speed is required with 
very large and sudden variations in Ibad, the mechanical relay, except 
in combination with a large and costly flywheel, is unsatisfactory. 

In such a case the hydraulic relay provides the only satisfactory 
> By courtcay of Messij. Gilbert Qilkos 3c Co., Ltd., Kendal, 
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solution. Here the centrifugal governor operates a regulating valve 
which admits either water or oil under pressure to one side or other of a 
piston in a relay cylinder, this piston being connected with and operating 
the turbine gate mechanism. 

Types of this relay mechanism are illustrated in Pigs. 201 to 205, 234 b, 
236, 289a, 248 and 249. 

Even with this relay accurate speed regulation under difficult eireum- 
stancos cannot be obtained without the provision of what is termed a 



Fig. 248.—Thomson Vortex TurViine fitted with Hydraulic llelay Governor, 
CumpcnHaimg Device, and Autoiiiatu’ Tressure ItegiilaUir. 


relay return or compensating device. The reason for this is evident if we 
consider that as the speed falls, the gates are oi^ned and the supply 
column is accelerated, this opening going on until the supply of energy. 
per unit time is equal to the demand. But the acceleration of the water- 
column goes on for an appreciable time after the gate opening has ceased, 
and in consequence the supply now becomes too great for the require¬ 
ments of the wheel, the speed rises, and the governor commences ta elose 
the gates. This suddenly checks the motion of the supply column, ahd in. 
virtue of its inertia produces an increased pressure at the valve an^;^ 
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a temporarily increased velocity of flow through the gates. The speed o 
the wheel thus increases •still further, and the gates are closed until ai 



instantaneous balance is set up between supply and demand. As the 
inertia pressure falls the supply now becomes less than the demand, thfii 
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qjeed falls, the gates commence to reopen, and the state of hunting, which 
is here outlined, may not die out for some considerable time. To prevent 
this some form of relay return device should be fitted, this being so 
arranged that all parts of the governor connections, including the 
regulating valve, return to a normal mid position as soon as the action of 
the governor ceases. This tends to prevent over-regulation and hunting. 
Where, in the case of a long penstock, the quick closing of the turbine 
gates may load to excessive water hammer, a pressure regulator should 
also be fitted, this consisting of an automatic relief valve which is thrown 
open by the closing of the turbine gates, and which is then slowly 
returned to its seat. One such pressure regulator is shown in Pig. 204, 
while a second type, as described on p. Oil, is shown applied at i-* to a 
Thomson vortex turbine in Pig. 248. 

Types of relay return devices are shown in Pigs. 202 and 206, and 
a further type, similar in general principle to those fitted to the Niagara 
turbines (Art. 135), is illustrated in Pig. 249. Here a force of 50 tons 
is available on the relay piston for operating the governing mechanism 
and gates. Hunting is prevented by the wedge IP, which, as the piston 
moves out, lowers the fulcrum of the governor lever, and thus closes the 
relay valve until a fresh movement of the governor reopens it. 

* Two other devices which also give considerable assistance in special 
cases are the stand pipe and the relief valve. 

The stand pipe (Art. 152) consists of a vertical open pipe, its lower end 
being connected to the penstoflc near to its connection with the turbines, 
and of sucli a height that when exposed to the statical head in the supply 
reservoir the water level is within a short distance of the top. Any 
i^rease in pressure at the turbine, due to a sudden closing of the gates, 
then produces a flow up the stand pipe, the water escaping at the top, and 
•{he maximum possible pressure in the penstock becomes that due to the 
statical head in the supply reservoir together with that necessary to 
produce flow up the stand pipe. Obviously the stand pipe cannot l»e 
applied where the supply head is very great, although in one modern 
plant* such an open pipe 235 feet in height has been fitted. • 

A sudden demand for power v also responded to more easily where a 
;8tand pipe is provided, the level in the pipe falling, and energy thus being 
•supplied to the wheel while the supply column is being accelerated (Art. 162). 

The relief valve, as its name implies, consists simply of a valve {ilaced 
jQD the penstock near to the turbine casing and arranged so as to open 
Sutwards. This is adjusted so as to open directly the pressure e\ceedj 
* At Ibe St llouis Hydro-Electric Elant. See ,Tke Enaineer, February IS. 1!KI7. 
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the normal by a few pounds per square inch, and its area should be such 
that, if the gates are closed* suddenly due to a throwing-off of the entire 
load, it is capable of taking the whole discharge. If /I be the minimum 
total cross sectional area of the guide passages when these are wide open. 



Fig. 2.^). Ijombartl Hulii f Valve. 

in ord^r to allow for exceptional circumstances the total relief valve area 
should not be less than '7 A. 

The ordinary spring-loaded relief valve is not usually very successful on, 
a large plant, one or other type of hydraulically operated valve being 
commonly fitted. Such a one is the Lombard valve, illustrated diagram- 
matically in Pig. 250. Here H is the penstock, with its relief valve V, 
which is held up to its seat by the water pressure on the piston P. Th^i 
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space behind this piston is connected through the pipe A to the waste 
valve B. This is a balanced valve held closed by means of the spring S 
against the pressure of the«penstocl5 water which acts through the pipe C 
on the piston 7). When the pressure in the penstock becomes greater 
than normal the waste valve B is forced open, allowing water to escape 
and relieving the pressure behind tht! piston B. The relief valve I' then 
opens, relieving the pressure in the main. When this pressure falls 
below normal the valve B again closes, mid the pressure behind the 
piston P gradually increases to that in the penstock, and again closes the 
valve V. The rate of closing can be regulated to prevent surging by 
suitable adjustment of the throttle valve E on the connecting pipe F. 

Special consideration of the circumstances of each installation is 
necessary to determine which of these regulating devices is likely to give 
the best results. 

Dealing firstly with pressure turbines, the easiest typo of plant to 
govern is one in which the turbine is placed in a forebay of ample 
dimensions fed directly from the supply canal (Pig. 288). Here a demand 
for power is instantly met by an increased flow, at the velocity ctirre- 
sponding to the sniiply bead, while, when the gates are closed, inertia 
effects are uuimjiortant. Under these circumstances the speed may be 
regulated with great nicety, and in general the more nearly the arrange¬ 
ment of any power plant approximates to this the ea.sier does it 
become to get good regulation. Both head and tail-race should be of 
ample sizg, so that any fluctuirtion in flow may not cause an appreciable 
difference in either level, while all approach channels and passages should 
have easy curves and well-finished surfaces so that the production of any 
periodic wave motion may be prevented. 

^Wheriivcr possible the use of a long penstock should lie avoided, and 
the water brought as near as possibl/i to its work in an open channel 
of ample area, for it may lie laid down as a general principle that the 
easiest plants to govern are those in, which the slope from open head¬ 
water to open tail-water is as steep as possible, and in which the ratio 
of kinetic energy to total energy is as small as possible. 

A few specific types of plant wjll now be considered in more detail, with 
respect to their possibilities in the way of speed regulation. 

(o) TurUiiefed hy a Supply Pipe which is almost vertical, i.e., with a 
slope of C0° or over. 

' Here a demand for energy on an increasing load receives an imifiediate,; 
response, and speed regulation in this direction, with a supply pipe ii. 
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ample area, is comparatively easy. The increiise of pressure caused by 
closing the gates on a diminishing load must, however, he guarded against 
by the provision of a stand jiipe, pressure regijlator, or relief valve. 

(h) Turbine. Jed by a Snyply J'ipe which ie of considerable length or of 
slight inclination. 

Hero regulation on a diminishing load is easy, the inertia effect on 
closing the gates being taken care of as in the previous case. Where the ' 
statical head is not very great a stand pipe is preferable, since on an 
increasing load this responds more quickly to an increased demand 
for energy. 

Where the head is so great as to preclude the possibility of a stand 
pipe, and where the pipe line is very long, the response to such a demand 
is slow, this type of plant providing one of the most difficult problems in 
governing. In such a situation, indeed, the only motor to give satis¬ 
factory results is the i’elton wheel fitted with combined hand regulation 
and deflecting nozzle, and with relief valve or pressure regulator. 

(c) Turbine Jed by a long Horizontal Pipe. 

(1) Turbine discharging directly into Tail-race without Draught Tube.— 
As in the previous cases, the difficulty in governing occurs on an 
increasing load, and may be met by the provision of a stand pipe near 
the turbine. The efficiency of tliis stand pipe becomes greater as its 
area, and in consequence the reserve of pressure water, is increased. In 
the limit the stand pipe becomes an open forebay in which the turbine 
works with free access, or to which it is connected by short pipes of • 
anii)le area. With this arrangement governing is easy, but without 
it close regulation becomes impossible. 

(2) Turbine fitted with Draught iqbe.—Where circumslanees necessitate ' 
the placing of a turbine which works under a low head, at a considerable 
distance from the supply reservoir ajid at the same time at some distance 
above the tail-race level, a suction tube must be used for the discharge, 
and the problem of successful regulation becomes still more complicated. 
In siiclj a case, with a very small heajl above the turbine, if this is 
installed in an open forebay, a sudden demand for water may result 
in this head being reduced until air is drawn into the turbine. The 
vacuum in the suction tube is then destroyed, the suction tube emptied, 
and the turbine at once stops. To prevent this occurring a minimum 
depth of water of from 8’5 to 4 feet should be allowed above the turbine, 
this being increased if the suction head is considerable. Where this ,. 
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is impracticable the turbine must be mounted in a closed casing, and be 
supplied through a pipe line. The provision* of a stand pipe is here out 
of the question, inertia effwits being guarded against by the provision of a 
relief valve placed near the turbine casing. A sudden demand for water 
is met by the acciderating effect of the. suction tube, and under these 
circumstances it is possible to get fairly accurate governing. 

Where a stand pipe is adopted in any plant with a view to preventing 
inertia effects, the freezing of the water which is spilt over the top of the 
pipe may prove detrimental to the working of the plant. To avoid this it 
becomes preferable to use the stand pipe in connection with a pressure 
regulator or relief valve, the latter taking charge of any rise in pi'essure, 
and venting the supply pipe, while the sole function of the stand pipe is 
to take charge of any fall in pressure on an increasing load. 

Effect of Gates and Governor Connections.^ Whatever the type of plant, a 
well-designed system of gates and gate connections is essential for close 
speed regulation. 

In all connections simplicity, directness, and freedom from backlash are 
essential, while close regulation is not to bo expected from any multiply¬ 
ing gear which needs sevei-al turns of a worm or spur wheel to close tlie 
turbine gates. 

The gates themselves should be as light, w’ell balanced, and frictionloss 
as possible. Of the two -types of gate in common use, viz , the sliding 
cylinder gate and that consisting of a system of jiivoted guide vanes, the 
latter conforms most nearly Jfl these refiuirements. To give good results 
these guides should Ire pivoted near their centres, so as to be approxi¬ 
mately in balance under the action of the supply water. It this condition 
is not satisfied, a large force is required to cause motion, while the gate 
ilonnections need to be of massive proportions, and the consequent large 
weight and inertia of these counectioivi makes quick regulation difficult of 
attakiment. 

In the enclosed Thomson turbing, and in enclosed turbines of the 
Francis type fitted with this type of guide, the guide spindles are passed 
through stuffing boxes in the turbine casing, and the whole governing 
mechanism, with the exception ,of th(i guides and their pivot beai;ing8, i8 
removed from the action of the water. In the American type of mixed 
flow turbine, when fitted with pivoted guides, these are usually rotated 
either by means of. an annular gear wheel, which gears with pinions 
mounted on the guide-spindles, and which is rotated by means of a link 
coupled to an eccentric which receives its own motion from tfte relay 
mechanism, or a aeries of links mounted on the guide spindles i^e 
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connecteiJ by levers to a central ring, which is rotated by means or the 
relay. In either case the glaring is usually placed inside the casing, and 
while accurate speed regulation is possible with either design, the 
submerged gearing needs to be designed on more substantial lines to 
compensate for its inaccessibility for examination. 

Sliding cylinder gates are commonly moved thi'ongh a couple of parallel 
drawbars terminating in racks, which gear with pinions on a shaft 
perpendicular to the wheel axis, this latter shaft deriving its motion from 
the relay mechanism by one or other of the devices shown in Figs. 228, 
234a, and 249. Where this type of gate is fitted to a vertical shaft 
machine, it often becomes advisable to balance the weight of the gate and 



Kkj. 2'ii .—Direct Kel.ij fioveminpr Mechanism for SlidinR Cylinder Gate. 


its drawbars by means of a counterbalance weight, in which case a suit¬ 
able type of connection is shown ‘u Pig. 251. 

For successful governing, the gate should consist of a plain cylinder. 
If provided with fingers, as indicated by the dotted tines in Fig. 230, the 
watei pressure on the upper side of these is largely in excess of that on 
their lower face. This necessitates a very heavy counterbalance weight, 
possessing considerable inertia, and increases the force necessary to start 
and stop the motion of the gate, while tlfe weight and cost of the connect¬ 
ing links necessary to withstand the stress become excessive. Without 
the balance weight the steady resistance produced by the unbalanced 
pressure produces an excessive stress on the gate connections. In either 
case the very slight addition to part-gate efficiency is totally insufficient 
to compensate for the increased difficulty in governing. 
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OoTerninj of Impulse Wheels —The preceding considerations also apply, 

llif (foverning of both lurbinet in by oy-prewure Scrvo niotoi (reUy motor). 
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Kigs. 2.52, 2/53.—flov(}rninj; Tests of Trefwure Turbines. 


Roth turbines are governed by oil pressure Servo-motor 
Turhi)u> Xfl Turbine XIIJ 

The turbine is fitted with auto- The turbine is fitted wHth jet 
malic pressure regulation. eut-off gear. 

Nonna) itTfi revs, per minute Normal ti30 revs, per minute 
ffead II ' 3.50 m. Ifead H m. 

Fly-wheel mo..)cn( of inertia Fly-wheel^ionient of inertia 
j^D'J = f>6,OrtJ8<j.'kg. m. g D* = 13,000sq. k^.-m. 

Max. pressure vttnation. l.Hper Max. pressure variation, 3.0 per 
cent. cent. 

Leng^ of siippl.v-pii>e - Oi.*! ni. I.ength of supply pipe -2130 m 
Diameter = 1.3.5 III. Diameter = 0.3 m. 


so far as cases a and h are concerned, to the governing of impulse tnrhines, 

except where, a.s in the case 
of a Pelton wheel fitted with 
deflecting noszlo, the velo¬ 
city of flow through the 
supply main is maintained 
uniform for all loads. Al¬ 
though in this case inertia 
effects are not to he feared 
in the governing of the tur¬ 
bine, yet the occasional 
necessity for quickly shut¬ 
ting off the supply renders 
the provision^ of a relief 
valve near the lower end of 
the pipe essential. 

Owing to the absence of 
any cyclical variation ol 
turning moment in a pres- 
sOte turbine, a special flywheel is not usmilly necessary for'■close 
governing, sufficient flywheel effect in general being obtained from the 
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turbine runner and shaft itself, and from the electric motor when such 
is used. 

In the Pelton wheel, however, the turning moment undergoes a slight 
periodic variation, the period depending on the nmulxir of buckets and on 
the speed of the wheel. On aceouni of this and on account of the 
comparatively small weight of the wheel for a given power, a iiywheel is 
in general essential for such close governing as is necessary for the 
driving of .alternators in parallel. 

Figs. 2.'32 and 253 * show the results of governing tests on turbines 
VII. and IX.. (pressure turliiiies) of p. 508 and Fig. 254 the results of 
similar tests on turbines XII. and XIII. (I’olton wheels) of p. 414. Each 
of the latter turbines is fitted with Doble needle regulators, while turbine 

XII. is also provided with an automatic pressure regulator. In turbine 

XIII. a decrease in load is followed by tbs automatic interposition of a 
shutter betwcoii nozzle and wheel. This shutter is then gradually with- 
dra'vn by the action of the relay returning device, and the needle is at 
the same time gi'adually moved forward in the nozzle, the oiieration 
taking place so slowly that no appreciable increase of i3ressure takes place. 

Aiir. 140 .—Desion of IIf.ad and Tail-Kaoks. 

The construction of the head and tail-races for a turbine plant requires 
careful consiileration. The forebay should be free from sharp turns 
and sudden changes of section, the velocity of flow not exceeding 
from 3 to 4 feet per second. The tail-race should be of the same 
capacity and should be formed with a well under the turbine outlet, 
which should contain from 2 to 4 feet of dead water when the turbines 
are idle. If this bo not attended to, a serious loss of head may be 
cairsed. 

Where a draught tube is fitted tjns should be submerged from 3 to 6 
inches in the standing tail-water, while it is preferably bent at its lower 
end, so as to discharge in the direction of flow in the tail-race. 

Whore a long penstock is installed, this should bo supplied with an 
air pipe (Fig. 237) at its highest point and also at the highest jwint of 
any vestical bends in its length, to i)ermi], the escape of accumulated air, 
and also to prevent the collapse of the pipe due to the formation of a 
vacuum should the turbine gates be opened with the head gates closed. 
(See p. 271.) 

A strainer is always fitted at the exit from the forebay, or supply canal, 

' “Proc, Inst. Mech. Bugiueers,'’ 1910-11. 
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and consists of a series of wooden or metal grids. These are usually 
spaced about 1 inch apart, and in order to^ reduce the loss due to the 
contraction and subsequent expansion of sections of the stream, should 
be as narrow as is consistent with strength. The angle of inclination of 
the strainer should be not less than 45°, in order to give a large area of 
waterway. 

Effect of Ice Formation.—Although the hydraulic power plant is not 
greatly hampered by ice formation in Great Britain and the western 
portion of the continent of Europe, ice troubles may become serious in 
such climates as are found in Canada and the northern portion of the 
United States, and may necessitate some modification in the design of 
the head-race.’ 

The trouble which is often experienced, particularly with frazil ice 
(Art. 2, p. 5) due to its tendency to adhere to the racks, strainers and 
gates of a turbine, can, however, be prevented by a slight heating of the 
racks or turbine gates. At thi! Ottawa Electric Company’s Power House 
No. 1 a line of steam pipes laid alK)ve water level and against the face of 
the rack was found to answer perfectly. In the same installation, 
consisting of three fill-inch wheels, 30 feet head, using 100,000 cubic feet 
of water per minute, steam was supplied by a small pipe to each of the 
wheel housings when the unit began to lose capa<)ity. To supply this, 
20 tons of coal wore used during foiu' months of winter, with eleven days 
on which frazil was bad, only occ,asional injection of steam being found 
to be necessary. Electric he^ng of the same racks has also been tried 
successfuby,' 600 amperes at '3 volts removing tho ice at once from a 
single rack bar with the air temperature at lo" Eahr.^ These bars were 

inches thick and 18 feet long. 

• -rln a power plant it is usually advisable that the water at the intake 
should be covered with surface ice, as being the most effective preventa- 
tive of the formation of both frazil *and anchor ice. If there are large 
stretches of open water above the surface ice, however, frazil is formed 
and adheres to the lower surface, an*d may result in a stoppage of the 
channel. In such a case, or when located at the foot of rapids, it is better 
to construct a head-race of sufficient size to serve as a settling basin for 
the ice drawn in. Even then It may sometimes be necessary to blast a^ 
channel in the surface sheet. Where a long narrow canal is fed from, a 
stretch of open water the ice difficulty becomes very great. A surface 
' covering is then harmful, as encouraging the adherence of frazil. 

^ Tbew results have been taken from “Ice Formation,” by Barnes, Wiley & Sdn, N.T.,V 
td07. Here the whole subject is considered in detail 



529 


EX.VMPLES 

Examples. 

1. Discuss the relative'advantages and disadvantages of the impulse 
and pressure turbine as regards— 

(а) .Applicability to high, medium, oi low heads. 

(б) Applicability to suit local conditions. 

(c) Efficiency. 

(il) Speed regulation. 

(e) Speed of rotation. 

2. Sketch any device suitable for the speed regulation of— 

(a) A Pelton wheel. 

(b) A Girard turbine. 

(cl An inward radial flow turbine. 

(fl) An outward radial flow turbine. 

3. The nozzle circle of a Barker’s mill has a diameter of 2 feet. The 
nozzles, two in number, are 2" diameter, and when working under a head 
of 1 foot the wheel makes 240 revolutions per minute. Determine its 
hydraulic efficiency, neglectmg the effect of friction. 

Answer '982. 

4. In the wheel of the previous example, the weight of water used at 
240 revolutions per minute, working head 6 feet, was 670 lbs. The 
brake horse power was '056. 

Determine the coefficient of frictional resistance inside the wheel; the 
hydraulic efficiency, the total efficiency, the speed for maximum possible 
hydraulic efficiency, and this efficiency. 

Answer:— 

F-% 

Hydraulic efficiency = '522. 

Total efficiency = '46. 

Speed for maximum efficiency = 160 revolutions. 

Maximum efficiency = '593. 
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Theory of Turbine Design -Design of Stand Pipes. 

Akt. 141.— Theory of Turbine Desion. 

The turbine syateui, as a whole, may be divided into the supply pipe, 
the turbine itself, and the discharge pipe. Losses of head are experienced 
in each hraneh of the system, so that if H be the total difference of level 
between open head and tail-race, the head available for doing work on 
the turbine will he loss than II by the amount necessary to overcome the 
frictional aiid.othor losses in the supply and discharge pipes. 

The loss due to this cause is approximately proportional to the lengths 
of the pipes and to the square of the velocity of ilow,.iiud its relative 
importance diminishes as the gradient of the pipe line and its sectional 
area are increased. Theoretically, by making the pipes of sufficiently 
large area the loss may be made quite negligible. This increase in area 
is, however, accompanied by a corresponding increase in the first cost, 
and it appears to be fairly well agreed that in practice it does not pay to 
reduce the pipe line velocity below from 6 to 8 feet per seiiond, the value 
to be adopted increasing wit#the gradient and with the head. 

In a lafge power plant where the head is high and the penstock direct, 
this velocity may be increased without serious proportional loss of head 
^p to a maximum of about 16 foot per second. 

If, in any type of turbine, r be the, velocity of the supply water at its 
exit from the guide vanes, and if a be the angle between the guide vanes 
andihe direction of motion of the wheel at the point of entry, ® may lie 
resolved into two components ; v sin % perpendicular to the direction of 
motion of the vanes, which is usually termed the velocity of flow, and 
« cos a parallel to this direction, which is termed the velocity of whirl. 
Throughout the following discussion the velocity of flow will be denoted 
by/, and that of whirl by w. Thus in a radial-flow turbine / is radial 
and w tangential to the wheel, while in an axial-flow machine/is parcel 
to- the turbine axis and w is in the plane of the wheel. 

• In virtue of the velocity of whirl, the supply water possesses piomen- 
•tum in the plane of the wheel, and it is the change in'the moment of thiit 
' momentum about the axis of the wheel during the passage of the watsl 
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through the wheel buckets which provides the turning moment on the 
shaft. For this turning moment to be a maximum with a given value 
of V and a given quantity of water, it follow:* that the value of lo should 
be a maximum, and therefore that o should be as nearly as possible 
zero. 

On the other hand, the volume of water which a given wheel is capable " 
of handling per second depends on /, since it is in virtue of this component 
of velocity that water is carried into the turbine buckets. As a is 
diminished, therefore, the size of turbine for a given power, and the first 
cost, increases, and the problem before the designer is to determine at 
what point the diiiiinution in efficiency due to an increase in a becomes 
of more imp )rtance than the corresponding diminution in first cost. A 
similar state of affairs holds at exit. ]*’or maximum hydraulic efficiency 
the energy rejected in the discharge should bo reduced to a minimum. 
This requires the absolute velocity of discharge from the wheel to be as 
small as possible. The minimum permissible velocity of discharge is, 
however, governed by the necessity for getting a given volume of water 
per second thi’ough the limited sectional area of the buckets at this point, 
and here also an increase in the velocity of flow at the expense of the 
velocity of whirl will enable a larger volume of water to be dealt with and 
a greater power to bo obtained, but with a sacrifice of the hydraulic, 
though jioBsibly not of the economic, efficiency. 

'Where an abundant sup|)ly of water is available at all times, the 
efficiency of the turbine may become quite a secondary considj^ration as 
compared with its prime cost, and a cheap but conqiaratively inefficient 
turbine may be preferable on all counts. In such a case high efficiency 
at part loads is a minor considei'ation and may bo entirely subordinated 
to considerations of cheapness and of esise of governing. Here, however, 
it must be remembered that whqre a long supply pipe or channel is’ 
necessary, a decrease in the efficiency of the turbine, particularly at full 
load, necessitating as it does an iimreased water supply, may cause the 
initial cost of construction of such channels or pipes to more than 
counterbalance the decreased prime cost of the motor. 

Again, where the supply is variable and where in times of drought 
barely sufficient water is available, it is highly important that high 
efficiency at all gates be the first consideration. 

Thus the turbine designer must keep 'many conflicting possibilities in 
view, each of which has its own effect on the most suitable design to be 
adopted, and no hard and fast rules can be formulated for the design of 
any type of machine. Certain broad principles may, however, be laid' 

i( H 2 
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lown, to which tiie design must conform if the turbine is to be efficient 
ind those will now Iw briefly indiciitod. < 

In the following demonstrations :— 

Let 10 = angular velocity of the wheel in radians per second. 
r = radius in feet at any point indicated by a suffix, 
r = velocity of supply stream at its exit from the guide vanes, in 
feet per second. 

u — a> T = velocity of wheel at point indicated by a suffix. 
f = velocity of flow. 
w = velocity of whirl. 

a = angle between guide vanes and direction of motion of wheel 
at entrance. 

/3 = angle between lip of moving vanes and direction of motion of 
wheel. 

y = angle between discharge edges of moving vanes and direction 
of motion of wheel. 

Q = flow in cubic feet per second. 

W = weight of 1 cubic foot of water = fi2'4 lbs. 

Aet. 142. —Genbeal Case of Inward IIadial Plow Turbine 
(Fig. 25.')). 

Let the suffix (a) refer'to the state of affairs in the supply pipe. 

(/)) refer to the state of affairs in the discharge pipe. 

. " (1) refer t^ the state of affairs at the exit from guide 

vanes. 

(2) refer to the state of affairs at the inlet to wheel 
vanes. 

(8) refer to the state of affairs at the exit from wheel 
vanes. " 

Then a consideration of the diagram shows that if the vane angles are 
proportioned so as to avoid shock at.«ntrance; 

/a = Wi tan a = (wj — mj) tan = Mia ( 1 ~ ian^ ) ’ 

/s = (m# — wb) tan y; = /a cosee p ; a’V = fa cosec y. 

The moment of momentum of the ) ur 
water leaving the guide vanes per i = —- h'i n ft. lb. units, and since, 
sec. about the axis of rotation i ^ 
if losses at the exit from the guide vanes are neglected, wi = wi, while, 

W Q 

clearance, ri = rj, this becomes -—~ ra ft, lb. units. 
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The final moment of momentum 

t 

Change of moment of mo- ] 
mentum = turning moment ) 
Work done by this mo¬ 
ment per second 


ii’s I’a ft. lb. units. 

( !(' fa — Ws ?8 } ft. lbs. 


H'a ra — u'a } m ft. lbs. 


-y {"'a "a — '('a «3 f ft. lbs. (1) 

Evidently this has its maximum value when iva = 0, and then the 
work done per second = U = y { wa Ua } ft. lbs. (2) 



If Wa is not zero, we have, on substituting its value Wa zn ua — fa cot > 
in(l):- 

^ { *<’2 ’<2 — Ms® + Ms/s cot y } ft. lbs. per second. (2a) 

If the vane angles are correctly proportioned as indicated in Fig. 255 
BO as to avoid shock at entrance, we have:— 
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while if 62 and hs are the effective breadths of the wheel passages at 
entrancf and exit, so that 2 tt fcg i"! and 2 ir hs rj are the effective passage 

areas, we have, for continuity of flow, A = fi -I Also — = so that 

■ >>sra «a 


U = 


o 

g 


W 2 * (: 


tan 
tan /8 


( 1 — V ( 1 — \ 1 

I \rj \ tan/3 / ( 


hi tan a 


(2b) 


(3) 


/>:, tan y ! 

Assuming the turbine to be designed, however, so that wa = 0, we get 
from ( 2 ) 

11 V tan p / 

If the wliocsl is horizontal, or if in a vertical wheel we neglect the 
differences of level at the highest and lowest points and also neglect 
losses at entrance, we have:— 

, work done by , losses per Ih. he- , 
—i.... — lu iween (2) and (3). 


ir 


water per lb. 


?)2 I V ^ ]'±_L ': 

W 2 [I W 2(j 

If then7/'=7I—- = head available for producing flow through 
2 gm I 

the wheel, i.e., the total head minus that necessary to overcome pipe 

line losses, we must have :— 


TP _ P‘i 4 . V _ Pa 
“ ir ^ 2 g W 


so that, -substituting in (4) and putting : = ics -t- 


, 5 }* have = 2 /, + y r“taTW 

I 12 r 2 


(5) 

Ti^ = «- 2 = + fi^ 

= H'3“ 

= J? if «'3 = 0 , 

( 6 ) 


, from which, writing/a 


?r = 


W 2 




2.7 1 


-a jtan a we get:— 

hi /■„ ha ra 

/ hi Ti , \ tan a ) 


w, 






tan a 
Ian P 


tan a 
tan 


a \ j _ 2g //' 


tan a 
' tan li 


(7) 

( 8 ) 

♦ 

t' 

(9) 


Thin neglects tosses Hne to friction, etc., in the whedl. 
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This gives the velocity ot whirl, and the peripheral speed of the wheel 
for maximum efficiency, itj terms of the available head 71.' 

The effect of any variation in a or j8, on the peripheral speed for maxi¬ 
mum efficiency, is shown in the following table, which gives the theoretical 
values of k (where vt = k V ig 11') in the case where/a = /b. 






Values of a. 




8. 

0° 

5° 

10° 

1 

15" 

O 

O 

■55 

25° 

30° 

60" 



•658 


•636 

•604 

•564 

• j 

•516 

75" 



•685 


•669 

•648 

•625 

•596 

90° 

•707 

•705 

•702 

•698 

•695 

•685 

•672 

•655 

105° 



•724 


•729 

•732 

•733 

•730 

1-20" 

1 


•741 


•748 

•756 

•764 

•770 


On the assumiylion that iv<t — o and that the loss at entrance is zero, the 
maximum theoretical efficiency ri of a turbine is given by 

tan o' 


,(.2 

_ work done per second -'j water _ g ' ^ 

^ ~ energy supplied per secoml ”” W Q R' 


/. tan o \ 
V tan”fl / 


/ - tan a N 
\ tan jS / 


' 1 \ \ 
\ tan itf / 


tan fi 
V /•b'* 


tan “a 


1 


il/l’i'iV tan 
\ '3 / 1 to*' “ 


( 10 ) 


tan ji 


This gives the hydraulic efficiency of the machine, and does not taka 
into account losses due to mechanical friction in the turbine. The actual 
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efficiency of the machine is the ratio of the useful work delivered at the 
turbine shaft to the energy supplied at the wheel inlet, and is given by the 
ratio I 

‘h-rtN M where N = revolutions per second 
W Q H' M = turning moment on shaft in foot Ihs. 

W 0 

Here M is less than the hydraulic turning moment—^ (wa 

foot lbs. by an amount depending on the frictional resistances of the 
turbine bearings and on the hydraulic frictional losses in the wheel itself. 
From (10) it appears that the efficiency should theoretically increase as 


the ratio 


- diminishes, i.e., as the breadth of the turbine is more 

08 'a 


rapidly increased towards the centre. Even theoretically, however, this 
possible increase is only small because of the smallness of tan \ while 
such a construction, by giving wheel passages which have a sectional area 
increasing in the direction of flow, tends to produce unsteady motion with 
a consequent loss of energy in eddy production. 

Again from equation (10) it appears that the efficiency increases as 
increases, and diminishes with an increase in a, the following table giving 
values of r\ corresponding to different values of these angles, in the case 


where = 1, and where in consequence /a = /s- 
Os *'» 


! 

« ' 



Values of a. 



Values of ; 

j 

10° 

15° . 

20° 

25° 

30° 

< 

60°. 

•981 

•959 

*922 

•871 

•800 

76° 

•983 

1 

•962 

i 

, •osi 

i 

•888 

•885 

i 

90° 

•984 

•964 

r 

•986 

•902 

•857 

105° 

•985 

•966 

•941 

•910 

•874 

120° 

•986 . 

1 

■968 j 

•946 

•920 

'889 
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Prom this it would appear that it is an advantage to make j3 as large as 
possible.- But since we have fi = «'2 tan x = 


the 


f tan a 1 

1 1 _ ° ■> 

( tan $ ) 

velocity of flow for a given peripheral wheel speed diminishes as JS 
increases, so that an increase in /J necessitates either a larger and more 
expensive turbine or a higher peripheral speed. In the latter case fric¬ 
tional losses are increased, and in view of these facts it has become usual 
to make = 90° for all medium heads. For very high heads p may 
range from 60° to 90°, and for very low heads from 90° to 135°. 

In the case where p = 90° the hydraulic efficiency is given by 

2 

r) = --^ 2 . (lOo) 


2 + 


(^’^tanaY 

\ h rs / 


Similarly, although the hydraulic efficiency decreases as o increases, yet 
the volume passing through the turbine, and crtnseciuontly its horse power, 
also increases, the maximum power being obtained when the product of Q 
and I) is a maximum. It follows that the moat satisfactory value of u 
depends on the purpose for which the turbine is desired. In a high-class 
turbine, o will be as small as mechanical considerations permit—generally 
between 10" and 15°, and the turbine will gain in efficiency at the expense 
of a higher prime cost. Where a cheap turbine is required a may have 
any value up to about 35°. 

The volume of water passing through the turbine per second is*given by 
Q — 9,iTrihifi=:^vribiWi tan a cubic feet,* and when the turbme is 
working under conditions of maximum efficiency this becomes 


Q = 2 IT rabi tan o 


/; 


2gH' 




tan g 
tan p 


( 11 ) 


so that both the velocity of the turbine for maximum efficiency and the 
volume of water passed through the wheel vary as V II'. 


* This ^nmes that the passages ran full, and neglects the effect of the thickness of the 
vanes. The latter factor may readily be allowed for, and is considered later (Art. 144). The 
construction of the vanes may, however (p. 543), cause some contraction of the stream as 
indicated in Fig. 267 c, in which case the actual area over wliich flow takes place is less than 
that of the passages. We then get ^ 

Q =-. k X 2 T r2 <5*2/2 = k X 2 TT 7*2 WI 2 tans « cubic feet, 
where ^ equals tbe coefficient of discharge of the passages. This, which includes Iwth the 
coefficient of velocity and of contraction, is usually taken as about *95 and must be 
introduced in the application of these formulas to any specific example. 
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Since for maximum efficiency, the work done 


U = ^ 


( 1 ~ tan /3 ) P®*' 

/. u = 'lAl!;'!"-? ( -t _ \ 

.'/ \ tan li) ^ 




. n 
1 =^ 


j 1 / ^>2 ^ Q V _ 2 “ f lb?, per second 

V ftg J'a / ian ^ I 


( 12 ) 


. the work done is proportioinil t > II I. 

An examination of e(piation(10^Bhowsthat tholiydraulicefficiencydimin¬ 
ishes witli an increase 

ill the ratio --(=«,) 

except where r 2 =bs r^, 
^ and therefore where 
* the velocity of flow is 
the same at inlet apd 
outlet. Apart from this, 
an increa.se in «, by 
increasing tho len{>th 
of wheel passages, re¬ 
duces tho efticiency by 
increasing frictional 
losses. This disadvan¬ 
tage is, however, coun¬ 
terbalanced by the in¬ 
creased regulating effect 
of the centrifugal pres- 
surd. It follows that as tho efficiency of the governing mechanism is 
improved, it becomes advisable to redoce the value of n, and this explains 
why the value adopted in practice has been gradually reduced of recent 
years from 2 to as low as 1-25. Its usual value is about 1-5. 

The discharge angle y of tho vanes (Pig. 25fi) may be determined froln 
the consideration that, if irx = 0, 
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If /? = 90°, Wi = « 2 , and since— = 

• t/a ^8 

tan y = tan J. (13) 

If / is constant this gives :— 

tan y =— tan a. (14)* 

And if - - = n, 

tan y — n tan a. (15) 

Change of Pressure through Wheel.—Since the motion of a j)arlicle of 
water at any point in llie wheel may ho conniminded of its motion in a 
forced vortex with angular velocity «, and of its motion ])arallcl to the 
wheel vanes with (variable) velocity v„ the difference of pressure at any 
two points in the wheel will be the algebraic sum of the differences 
necessary to produce these motions. 

Thus, due to the vortex motion. 


If %g 


while due to the flow between the vanes, 
f-2'' 

If 

Summing these we have :— 

Total difference of pressure at 
inlet and outlet. 




feet. 


v} — ni — 2?v* 


1 _ f 2 — Jh _ Ha — Ha’ 
/ ~ If " ~ 2 


2g 


But gtv = h co.sec y, and 2 «V = /a eoBec /S, while H;, = —, 

■ ' 'ii 

• —Jh _ h/ / 2 _ 1 \ I ,/n® cosec ’y —ff cosec’ ^ ^g. 

If *2 (/ V ' 2■ I I 

The pressure p, at any radius r between inlet and outlet may bo obtained 
if the angle 8 made by the vanes at this radius with the tangent to the 
corresponding circle, and the velocity of flow,/, be known. 

Here, if u be the velocity of the wheel at r, 


«2 r 

^ » 'a ’ 


while IV =•= f cosec 8, 


P2 - 


or p = Pi 


lbs. per square foot. 


^8 — fi eosec 

2 .'/ 

/ ’ co8(!c W — P cosec 


(17) 
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If the velocity of flow is constant /i = f, and this expression simplifies 
to :— 

p ~ 2>2 — 2 fj I ^ ~ ( ^2 ) 1 (cosec W — cosec J . 

As every term in this expression is known, the pressure at any point, 
and therefore the whole pressure on that portion of the runner which 
carries the vanes, may be determined. 

An easier graphical method is, however, indicated in Art. 145. 

The pressure over the face of the runner inside the vanes = ll>s. per 
square foot, so that the total pressure over this face may l)e determined. 
Owing to leakage past the outer periphery of the runner the pressure on 
the rear face may, however, amount to as much as jij lbs. per square foot, and 
owing to the large difference of pressure thus produced on the two faces 
the end thrust on the shaft may become excessive. Various methods of 
balancing this end-thrust have been adopted, and have l)een illustrated in 
the preceding chapter. 

Further consideration of these methods will be postjKmed to Art. 183, 
where the similar problem of balancing the end thrust on the spindle of a 
centrifugal pump is considered in some detail. " , 

Summary.—Collecting the more important of the results so far obtained 
we have in the case of an inward radial flow turbine, working without 
shock at entrance and rejecting its discharge water without any tangential 
velocity, and therefore (neglecting the effect of other losses) working at its 
maximum efficiency, 



(2)a • fi — Wi tan a feec per second. 

(8)a tan y = n tan a 


(4)a /a = n feet per second. 

(6)„ p = Pa _ ~ 1 / 2 = 11 ^ [ + /^ cosec -/a® cosee 

lbs. per square foot. 

2 

,(6)„ Hydraulic efficiency ij = - j-r - u -t— r- 

", -I- 7 -n tan a x - — 

V Oa / 1 _ tap a 

tan 
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(7)a Revolutions = nor minute. 

• ^ TT V2 

Radial Inwaud Plow Tubhink with' Radial Vank Tips. 

In practice tlio vanes are very commonly made radial at the tips. In 
this case, putting /3 = !)0°, tan ^ = a, we now have, for no shock at 
entrance, the velocity of whirl Wa equal to the peripheral velocity Waof the 
wheel. Making these substitutions in the general expressions already 
obtained we get 

, A 

( 1 ) 6 W 2 = (Pa = » / , . ' . .jfeet per soond. 

\ ‘2 + ^ n 1'^ tan a J 

( 2 ) 6 fi = « a tan a feet per second. 

(3) 6 tan V = tan a 

"a 

(4) 6 /, = « 7 ^ fi feet per second. 

I>a 

(5) 6 r = Pa- [ «2^ I ^ “ ( ^2 ) \ /a’’ ] 

lbs. per square foot. 

(G)), V = - 7- f A a; 

2 + (a tan a) 

In some cases the velocity of How is kept constant by increasing the 
breadth of the turbine as the radius diminishes so as to keep 5y constant. 

In this case ^ 2 =/a, fta I'a = l >3 I'a, and therefore n = 1, and the 

03 

foregoing results are modified as follows:— 

( 1 )' Ha = w'a = V , feet per second. 

' ' 2 + tan ‘ 

(3) ' tan y = H tan a 

(4) ' /s =/a feet per second. 

(5) ' p = Pa - - [ "^' ] ^ “ ("fa ) I + ] 

lbs. per square foot. 

2 + tan “a 

Since a is always small, the peripheral velocity of the wheel for 
maximum velocity is very approximately given ( 1 )' by 

. = M’a = V = '707 
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80 that with radial tips the peripheral velocity at entrance is nearly that 

H' • 

due to a fall through a height ,,, while the supply water at this point 

♦ ^ 

has changed only approximately one half of its total store into kinetic 
energy. 

Prom the foregoing analysis, or from a consideration of the triangle of 



Kiu, ii'iS. Vhuo Aii;;1c 8 for luward lladial Flow Turbine. 


velocities ah c ol Fig. 
256, it is evident that 
the speed of the wheel 
is a function solely of 
the velocity due to 
the head, and of the 
angle a. 

This being so, it re¬ 
mains to decide upon 
some relation between 
the velocities of flow 
and of whirl liefore 
this angle, and the 
wheel speed, can he 
settled. The precise 
relations between 
those two velocities, 


which shi^l conduce to the hijpKest economic efiicioncy, can only be deduced 
from experiment, and the following table shows the relationships which 
modern practice has shown to bo most successful:— 


Inward radial flr>w turbine— 
Thomnuii type 
FraaclH . 



About •06 V 2 y //' Al»oulU° 2 
tVom '06 V 'ig ll' Frmti 11 " t'roin I’Sli 

to '7i V'igil' bj 14" to l'i»o 


Mixed flow turbine of tli« 
American tyiie .... 


Outward radial flow turbine 


^xial flow turbine 


li’rom 'S.*) V" ig fl' 
to ‘40 V 2 y ' 


Prom'’ITS V "ig H' 
to -225 V 2 ii/#' 


From *72 t' 2«/ //' 
to W V'igW 
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Eemarks on the Theory of Turbine Design. 

Althougli the preceding theory is extremely valuable, its limitations 
are important and must be kept in view. “In the first place, even with, 
vanes designed so as (theoretically) to prevent shock at entrance, experi¬ 
ment shows that a certain contraction of section of the stream, as 
indicated in Fig. 257 o and b, takes place, and also indicates that this con-* 





traetiq^ and the subsequent re-expansion is greater with (he theoretically 
correct entrant angle than with one slightly different. When working at 
part gate the ingoing stream may, if sufficiently reduced in width, not fill 
the buckets at all, in which case the wheel runs as an impulse turbine, 
the pressure at the exit from the guides falls to that in the discharge pipe, 
a'^ the outflow per unit area is largely increased. Since the wheel 
s^ed is now altogether unsuited to the velocity of influx, the efficiency is 



544 


HYDEAULICS AND’ITS APPLICATIONS- 


low. Even though the stream may re-expand to fill the buckets and the 
wheel act as a pressure turbine, yet with the same pressure at exit from 
the wheel, the pressure at tJio exit from the guides will be greater than 
when running full, though not to the same extent as before, so that in 
either case the volume of water passing the wheel is larger than might 
be expected from a consideration of the gate opening. 

This action is well illustrated by the following results of tests carried 
out by Mr. J. B. Francis on a mixed flow turbine, of which the following 
are the leading dimensions*:— 

Outer diameter of runner, 0 feet. a - 25®. 

Least diainctor of runner, 2 feet 8 inches. 3 = IKF. 

Width of jfuide passages, 13'1 inches. 7 from 22° to 20®. 

Width of buckets, Aj. inches. Nninl)er of guide* vanes = 24. 

Men.snrcd area of outflow from gnide.s, Number of bucket vanes = 25. 

y-SS .stpiare feet, = n'4 inches. 

Mofisuretl area of outflow from buckets, y*r>6 square feet. 


U foot. 

Opeiiiii},'. 

y cubic feet, 
jicr hcciujil. 

Pei'cpiitage of 
Flow, 

UcvolutioiH. 

Kllicieiicy. 

14-3 

■153 

51-2 

31*0 

(iO-5 


13-7 

•300 

83-y 

60-8 

(50-1 

00-0 “/„ ‘ 

13*1 

•459 

1101 

G6-0 

66-4 

70-1% 

130 

•SI 2 

130-2 

78'y 

04-0 

00-1 

12-7 

■705 

141-8 

87'*) 

02-7 

93-6 °L 

12‘7 

1-00 

105*1 

100-0 

G6'G 

82-8 ^ 


Again, frictioTi losses in t^ wheel increase continuously with the speed, 
and do'not'attain a minimum value simultaneously with the minimum 
values of the losses by shock and .by rejection of kinetic energy, so that, 
although the expressions previously obtained for the efficiency by noglect- 
ihg these losses, indicate that this is independent of the speed of rotation, 
there will, in actual working, be one particular speed for any turbine 
wording under a given head—that spf’ed at which the sum of the various 
losses forms the least proportion of the energy supplied by the water— 
for which the efficiency will be a mafimum. 

Experiments by Professor Pliegner, of Zurich,® indicate that the loss at 
entrance diminishes as the working head increases, and that its minimum 
value does not occur for inflow Without shock, but when the angle';8 has a 
value differing from the theoretical, the beet angle being greater than the 
theoretical for values of /3 less than about 105°, and less than the 
theoretical for values of /3 greater than this. 

' Journal Franklin Institute, rol. 99, p. 219. 

“ ZnUchr^t det V^reines Deutioher Jttj/enUfure, vol. 23, p. 469. 
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The following table gives some of Pliegner’s results:— 


Value of discharge angle y . 

1 


•30° 

1.5° 

30° 

16° 

80° 

Value of/B for uo shwk at entrance 

120° 

1 

120° 1 

00° 

90° 

60° 

60° 

Kxpcriniental value of ^ for nia.vimuiii efficiency. 

111° 

100- 

10."° 

102“ 

««i° 

85° 


It follows that will) angles dasigned for entry without shock, the most 
efficient sjjpcd will he l(!ss than the theoretical for values of/I less than 105°, 
and will he greater for greater values of a conclusion which is verified 
by the results of experiment, and which is indicated by the values of 
given in the table on p. 512. 

Pliegiuir’s results led him to the conclusion that the best value for ^ is 

given by the formula P' = 90° + - — 30 ~~ —, where ^ and y 

are the values of inlet and discharge angles calculated in the usual way 
for maximum efficiency, and where h<t and are the bucket widths at 
entrance and e.xit. 

Again, in the pr(!ssure turbine, the assumption that the water is com¬ 
pletely guided by the vanes is probably not even approximately true, 
only II small proportion of the water being directly guided, and that only 
on one side of the stream. Other parts of the stream may follow very 
diflorent paths. Moreover, unless the guide passages are parallelifor some 
short distance before the point of exit, the issuing stream may (as at p 
in Fig. 257 r) fail to occupy the total exit area, so that, even apart from 
the effect of the vano thickness, which will be considered later, the 
effective area of flow is less than 2 v hi¬ 
lt is usual to allow for this effect rpproxirnately by making the calcula¬ 
tions on the assumption that the coefficient of contraction is ‘95. The 
same reasoning applies at the point discharge. 

Further, we have the impossibility of taking full account of the various 
frictional and eddy formation losses in the turbine, except when guided 
by the jresults of experiment on the particular type of. wheel under 
consideration. 

The true value of the theory thus lies in its power of indicating the 
relative influence of the different details of design on the efficiency, and 
in its possibility of giving a preliminary design which may afterwards be 
slightly modified by the results,of experiment on some similar type of, 
machine, so as to approximate more nearly to that of tlje perfect turbine.’ 
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Example of Design.—As an application of the results of the foregoing 
analysis, consider the design of an inward "radial flow turbine of the 
Francis swivelling gate tv])b, to give 10,000 II. I*, at 300 revolutions pei 
minute under a total head of 260 feet. The wheel vanes to have radial 
tips, the velocity of flow to bo liopt constant, and the wheel to be 
supplied through a steel penstock whoso length is 450 feet. 

Assuming a probable full-load efficiency of 84 per cent., the capacity 

of the penstock must he sufficient to allow of a supply of 26 (y 


= 404 cubic feet per second. 

Allowing a mean velocity under maximum load of 12 feet per second in 
the penstock, the area of this becomes 38§ square feet, corresponding to 
a diameter of ajqiroximately 6 feet 6 inches. 

In such a turbine it is usual to arrange the design so as to give a 
maximum efficiency at about f full-load. At this load the velocity of 
pipe flow is approximately 8 feet per second, and if the coeflicient of 
friction be taken as '005, the loss of head due to friction and to the 
velocity of flow (assuming the kinetic energy due to the latter' to be 
entirely lost) may be written as equal to 


j;- 

2 ^ 


(5+‘)“=«4r 


005 X 450 X 4 
6-5 ■ ^ 


feet = 2'37 feet. 


The effective head H' is thus 257’6 feet, so that 2 </ H' = 129 feet 
per second. ^ 

Taking a = 13°, tan a = '261, tan '“a = -053, while from (1) we have 
129 

joa = ?«! = ^ ij.'qS'I ~ ^ second. 

The outer radius of the runner is then given by the relation 


2 -^^ 90 - 1 . 
bO 


r^: 


60 X 90-1 


: 2-87 feet. 


2 TT X 300 

.'. Outer diameter of runner = 5’74 feet = 5' 9". 
Assuming an efficiency of 86 per cent, at f load, we have 
Q = 296 cubic feet per second, so that from the expression 
(^ = 2 T j-j tan a Wa. we get:— 

. Q I 296 


' 2 IT ?’2 M'a tan a 2 ir X 2'87 X 901 X '231 

= '79 feet = 9'5 inches (approximately). 


feet 


2*87 

Taking n = I'SO, we have rj = = 2'21 feet, so that 'the innet 

liameter of the runner is 4' 5", while ia,= "79 X 1'80 = 12’3f^ inohfs., , 
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Also, since tan y = n tan a, this makes tan y = ’800, giving y the 
value 16” 42'. 

- 2 2 

The theorelical hydraulic efficiency equals 2 :^j} 

= 97'4 per cent. 

Applying Fliegner’s correction, it appears that for maximum efficiency 
at this speed of rotation f> should ho increased from 90“ to a value 
where 

y < y 

=: 90° + 14-7° - 9° 

= 95-7°. 

As will be seen later, these results, however, need further correction 
for the thickness of the vanes at their inlet and outlet edges. 

Art. 143.— Sources and Magnitude of Losses in the Pressueb 
'TunBINB. 

So far the various losses in the turbine and its appendages have been 
neglected, and while it is impossible to take these fully into account in a 

theoretical discussion, yet a 
more detailed examination 
will be of value ns indicating 
their relative importance. In 
general, these losses consist 
of:— 

(1) Frictional losses in sup¬ 
ply and discharge pipes. 

(2) Loss by leakage between 
guides and wheel. 

(3) Losses due to shock at 
entrance if the vane angles 
are not adapted to the speed 

of the wheel, and to contraction and subsequent expansion of section of 
the stream. ■« ^ 

(4) frictional losses due to motion of the water over the vanes and 
crown of the wheel. 

(5) Eddy losses caused by any sudden curvature of the vanes by sudden 
changes of section or divergence of the passages. 

(6) Losses due to shock caused by sudden enlargement of the stream 
section on entering the buckets at part gate. 
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(7) Lobs due to rejection of kinetic energy in the discharge. 

(8) Loss duo to mechanical friction at bearings. 

(1) Of these losses, that due to the friction of the pipe line may be 
readily estimated, and depends on the length, diameter and velocity of 
flow through the jupes. 

(2) Lobs by Leakage, Hi .—This loss being proportional to the possible 
area through which leakage may take place and to the v(docity of ofHnx 
over this area, is proportional to the product of the periphery of the wheel 
and the radial clearance at entrance, and to the square root of the head at 
entrance. Its magnitude is .greatest in turbines of the inward flow type, 
and may amount to from 2 to 4 per cent, of the total energy supplied. 

(3) Loss due to Shock at Entrance, i/^.—if angle ^ is not correctly 
proportioned. 

Let ab = v (Pig. 258) represent the velocity at tho exit from guides. 

Let cb = iii represent the velocity of vane tips. 

Then before entering the buckets the relative velocity of water and of 
wheel in the direction of the tangent atc = cd. 


Also if me q = (3, the relative velocity in the same direction On 
entering the buckets = c q. 

.•. Loss of head due to phock at entrance = •-—;; - —- feet of water. 

_ ‘ig 

But c d = Wi — v^ 

__ ^ 

And’c m } cot (3 = /j cot i3. 


Loss of head He = —— 


_ 

“2{( 


1 - 


2i? 

tta 

Wi 




tan al® 
tan ;3J 


feet. 


( 1 ) 


The actual loss due to shock is ia- general less than that calculated, 
since only a portion of the whole supply stream suffers the extreme 
chang? of velocity. 

(4) Frictional Losses in the Wheel, JTy.—These may be divided into the' 
losses caused by (o) Flow over the surfaces of the vanes and crowns; 
(6) Disc friction due to rotation oi the turbine crown or crowns through 
the surrounding water. *” 

, (a) If V, = mean relative velocity of flow through turbine, m the' 
hydraulic mean depth of turbine passages, I the effective length of 
passages, F the coefficient of friction, this loss is given by 

Hjr = C -- -—■ feet of water. 

.2 gm 
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(J) The disc friction due to rotation of the turbine crowns has been 
considered in detail in Art! 62, p. 179. 

Its magnitude depends considerably on ihe type of turbine. In a 
single wheel radial flow turbine the whole of the rear face of the runner 
wilt, in -general, be subject to this resistance, as will that portion of ^ 
the front face which lies between the shaft and the inner tips of the 
vanes, while in the case of a double discharge turbine of the Thomson 
vortex type, this rubbing area is almost doubled. A largo increase in 
disc friction is also experienced in the case of a turbine balanced by the 
addition of a rotating balauco piston. 

In a wheel of the parallel flow type the design may be such as to cause 
a similar resistance at the outer circumference whoso radius is rj and 
breadth h^, the loss of oruirgy in this case being |;iven by / li* hi foot lbs. 
per second. 

In any case this loss of energy per second is proportional to m", and the 
loss per lb. to «)“, since Q is proportional to ai. The magnitude of the loss 
may be from 3 to 6 per cent. 

(.')') and (6) Eddy Losses. Ilg. —These losses, duo to eddy formation at 
changes of curvature and to shock at entrance at part gate, do not admit 
of even approximate calculation. They may, however, bo minimised by 
designing all passages to have as easy a curvature as possible, and by the 
adopl.ion of gates of the swivel type. With this typo of gate these losses 
may account lor hetwoen 1 and 8 per cent, of the total head, while with 
cylinder regulation they may amount to as much as 20 pa- cent, at 
half gate. 

(7) Loss due to Rejection of Kinetic Energy in the Discharge, 
Assuming tlu! whole of the kinetic energy of discharge from the buckets 
to l)e lost, this loss is given by— 

^ foot lbs. per lb. 

2 D ^ 

* Vi 

In an inward radial flow turbin^, where n = we have 

»-a 

. wi = wj - cot y = -- —/a cot y, and if /a =fi, the loss becomes— 

• ' n ‘ , 

// + (’|-/iCOty)^ 

- —2 ( - 

Expressed in terms of ica, this becomes— 


(2) 
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This loss becomes a mmmnm when wg, i.e., 

fi 


the velocitj of whirl at 


exh = 0, aivd then has the value - 


‘in’ 


Practically the whole ot this energy is lost where the turbine discharges 
either directly into the tail-race or into a parallel suction tube whose 
area is equal to that of the vanes at discharge. If, however, the suction 
tube has an area which gradually increases towards its outlet, a portion, 
up to about 25 per cent., of this may be converted into pressure energy, 
with a consequent gain of efficiency by the wheel. 

In general this source of loss accounts for between 3 and 8 per cent, of 
the total energy supplied, being greatest in turbines of the outward flow 
type and least in those of the axial flow type. 

(8) Mechanical Friction 7/;,. — This generally accounts for between 
2 and 4 per cent, of the total energy, its magnitude depending largely on 
the type of machine (whether hydraulically balanced or not). 

Taking these losses into account, if II is the total supply head, 
II = II' + loss in pipe friction. 

U 

iT 


The hydraulic efficiency rj \ 



V 

of the turbine is given by ) 

7/ 

— 

loss in pipe friction 

J’he work done on the | 
turbine shaft j 

= 

(/ 

— ft, lbs. 

.•. Gross efficiency of | 


u 

“ 111 1 F K! 

turbine wheel ) 



7/' 

Useful^ work delivered at^ 
turbine shaft ) 


u 

- ff/y + a; f F 4 6’ + It ft* 

.’. Nett efficiency of | 


IJ 

— Ill - K 1 Ft a > B 

turbine I 



//' ■ 

AVhile the gross efficiency ] 

1 



of the plant, including 

1 

y = 

V 

— Ill 1 KtFtOtB 

' supply and discharge 



. . 

pipes 





Am. 144.— Thickness of Vanes. 

So far no account has been t^iken of the fact that the vanes oust <be 
made of a certain thickness, and therefore reduce the effective area 
of the guide and wheel passages. The necessary corrections for this 
in the case of an inward flow turbine nnjy be made as follows:— *' 

Let t be the vane thickness, and u the number of vanes which cut the 
circumference under consideration. ^ 

At inlet, the area of guide vane circle occupied by these vanes = 
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cosec a (approx.), while the area of backet vane circle = 62 fa oosec § 
(approx.). 

At outlet the area of bucket vane circle := t,, cosec y (approx.), 

where a, and y, are the angles a.s calculated when neglecting the blade 
thickness. 

Thus the outlet area is reduced in the ratio 


2 T! r,i h:i — »?2 h f'a cosec y 
2 57 r., k 


, so that— 


fa (true) =*fa (approx.) | 1 - 


For fa to be kept the same we must then either hiive ■ ^ 

•' ^ tan y (approX.) 

1 

, or the breadth ha must be increased in the same 


1 — '«2 ta cosec y' 
2 515-3 


ratio. 

Similar corrections may bo applied at the inlet to the buckets and the 
outloj fi-om the guides. 

Allowance should be made for the difference in radii between the guide 
and wheel vsine circles, and in order to keep the velocity of flow constant 
whore tlie water leaves the guides and enters the wheel, the bre 5 ldth b of 
the guides niiiy be made slightly different' to that of the vanes, so as 
to keep the area through which radial flow lakes place, constant. We 
then have— 


h,= 


2 57 1 'a — 5(2 h cosec ^ 


2 57 ('i — 111 11 cosec a 
This is only approximate since the passage of the wheel vanes before 
the guide passages tends to diminish the effective area of the latter, while 
the effective area of the wheel at inlet is similarly diminished by the 
presence of the guide Viiiios. Sufficient data arc not available to fix the 
best number of wheel vanes in any particular case; the greater the 
number, the more perfect is the guidance given to the water, although 
at the same time frictional losses are increased. The longer the water 
passages the fewer the vanes necessary to give sufficient guidance. In 
the case of a number of modern inwaad radial flow turbines examined 
by the author, and of sizes ranging from 3 inches diameter to 66 inches 
diameter, the number of vanes was given with fair accuracy by the 


relation n = k Vlf where d = diameter in inches and where it is a 
coefficient varying from about 7’7 in the smaller to 8'4 in the larger 
wheels and having a mean value = 8 . 
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In general, with swivelling vanes, the number of guide vanes is made 
slightly less than the number of wheel vanes, while with stationary 
guides the number is usually slightly greater. 'I'tie lliieliiiess t varies 
from J inch in a small turbine with steel plate vanes to about | inch in a 
large turbine with cast vanes. In high-class turbines the vanes have 
rounded edges at entrance and exit, so that the effective value of t 
generally varies from about ji,. inch to -/j inch. 


Aet. 145.—CiinvATtiEE of 


VANES. 


So long as the inlet and outlet angles of the vanes are correctly pro¬ 
portioned, the shape of the vane between these points only affects the 
efficiency in so far as it tends to give steady or unsteady motion in the 
stream. To this end the design should Im) such that the passages are 
nowhere divergent, and that any changes of curvature are as gradual as 
possible. The first of these requirements is more easily satisfied in the 
ifiward flow than in the outward flow turbine. With this requirement 
fulfilled, the most efficient vane curve will be that with which the change 
in curvature of the path of the stream is most gradual, and to determine 
this it is advisable to set out a diagram showing for any proposed vane 
the true path of the particles of water in passing through the wheel. 
Two such diagrams are shown in Fig. 259, in which («) shows the true 
path where the velocity of flo^ is uniform, and (l>) where the velocity of 
flow varies inversely as the4adius. To construct diagram (a), a series 
of equidistant circles are set out between the inner and outer vane 
circles. If s be the radial distance between each pair of these, the 

*tfme for a particle to pass from one to tho other = j seconds. Next set 

.out the same number of equidistant vapes, the distance apart on the outer 

vane circle being m rj y feet. A particle leaving the intorsection of the • 

first circle and first vane will then be at the intersection of the second 


circle and vane after an interval of time seconds and sb on, so that 


the path of the particle can be sketched in, as at I m. 

Where the velocity of flow is not uniform, the only difference in the 
construction is that the intermediate circles are not equidistant but are 
90 spaced that the particle travels radially from one to the other in equal 
intervals of time. Thus in case (h) a radius o a 'being drawn, h right- 
anerled triancrie o a 5 is constructed on this and lines c d. ci di. etc'., drawn.. 
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cutting off equal areas ,du cj d, etc., from the triangle. Circles drawn 
through Cl, ca, etc., will new, by thoir intersections with the equidistant 
vanes, give points on the path V m' of a particle. 

These curves may l)e utilized to obtain the absolute velocity of the 
water atid the relative velocity of water and vane at any radius, for 
if at any point P of radius r, P q he drawn perpendicular to 0 P and 
equal to w r, and il q k bo drawn parallel to the tangent to the vane at 



r and P k be drawn tangential to the curve at P, then since the actual 
velocity of the particle at P is compounded of the velocity of the vane at 
P, i.c., of 0 ) r, and of its velocity relative to the vane, and since its actual 
velocity is tangential to the curve at P and its relative velocity is parallel 
to the vane, P q k serves as the triangle of velocities at P, and PT ss 
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the absolute velocity v, while q k = the relative velocity tv of water and 
vane. . 

By obtaining r, in this wijy the pressure “p” at any radius r may be 
easily obtained by an application of the formula 

p = P 2 — I + t'/ ~ } lbs. j)er square loot, 

where u and v, refer to a point at radius r. 


Example. 


A turbine runner has an outer diameter of .*) feet G inches and an inner 
diameter 4 feet 3 inches. It makes 300 revolutions per minute. The 
space occupied by the blades being divided into five concentric strips, 
each inches wide, it is found graphically that the relative velocities at 
the centres of these strips, commencing at the outside are, 

2G ; 24 ; 26; 40; 65 feet per second. 

The relative velocity at entrance is 27 feet per second and at exit is 76 feet 
per second. The pressure head at inlet is 125'5 feet. 

Denoting these strips by a, h, c, d, e., we have :— , 

no. I 

- jSr-q 1 - (27)^ 1 

= j)2 “ 280. 

= 7''^ ~ t5i-4 f i 

, . = P2 - 820. ^ 

P. - I-i - 1 (86-5)^ - (76-5)» + (26)^ - (27)^ } 

= Pa - 1,510. 

7’“ = 7^* ~ IS 1 I 

= Pa-3,010. 

i>. = Pa - III { (86-5)» -<68-8)^ + (65)^ -'(27)'“ } 

= Pa — 6,040. , 

At exit Pa = Pa - III i (86-«)» - (66-8)“ + (76)'^ - (27)“ } 


= Pa — 7,810. 
Pa — p.a _ 7,810 _ 


IV 


62-4 


125-3 feet. 


' This affords a check-as to the accuracy of the construction. Assuming* 
the nressure over the corresoondine portion of the back face of the diSe,. 
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to be 2)2 lbs. per square foot, the total unbalanced pressure over this 
portion, in the direction o^ the suction tuba is equal to 


1 It X 


12 


+ (-^’2"’ X 3.010) + X 6.040) ] lbs. 

= -IBU ( 7.')2 + 2,105 + 3,680 + 6,960 + 18,210 } 

= 21,000 lbs. 


Art. 146.— The Outward Radial Plow Pressure Turbine. 

The general details of design of the outward flow turbine are 
exactly the same as for the inward flow type, and the same symbols and 
equations apply tbrougbout. 

Now, however; rt = is less than unity, so that in equation (16), 
p. 5.39, 

j)~2 — ?'3 _ /1_\ 4- />'* cose c “y — // cosec 

■ If ~ -rg V bV 2 y 

the term (1 —4) is negative, while, strictly speaking, the second 

term of the equation ceases to apply, since the flow now takes place 
through a series of diverging channels, and oddy formation is in con¬ 
sequence set up. 

Centrifugal force now aids the flow through the turbine, and an 

U'^ f “4 — 1 ^ 

increase in speed, by increasing the term _ \ " _/, decreases the 

2 g 

inlet pressure, and causes an increased flow through the wheel. This 
turbine is in consequence difficult to govern satisfactorily. To reduce 

this effect as far as possible the term ^ — 1) should be small. This 

necessitates n or — being made as nearly unity as practicable, and 
rs 

necessitates a bucket depth as small as is compatible with easy curves 
connecting inlet and outlet lips. In general »8 is ma3e from 1'20 to 
1’25 times r^. 

Owing to the high peripheral velocity at exit, it is now impractic¬ 
able to design the exit angles so as to make the velocity of whirl at exit 
equal to zero. The losses due to rejection of kinetic energy are thus in 
general higher with this than with the inward flow type. 
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In this type of turbine /a is generally given a value about '25 \/ 2 y H', 
while wa varies from f'bb to •fi2] <J AT'. In general y lies between 
20° and !!0°, and in higb-ckss turbines a lies between 20° and 25°. 


Art. 147.— Axiaii Flow Pressure Tiiriune. 


Here the general theory is the same as far the inward and outward 
radial flow types of turbine, and the same demonstrations hold good 
if it be remembered that ra = ra = r; Wa = «3 = <» r; n = 1 . 


If, as assumed in the previous eases, the plane of the wheel is hori¬ 
zontal, the equation of energy now becomes 

Is + ir = !!' + + ("ork done in wheel -f losses from (2) to 

(8) — h } per lb. 

where h = depth of wheel. 

This assumes no velocity of whirl at exit, so that/a = % 

Also, from equation (16), p. 539, 

Pa — Pa _/8^ cosec V —/a^ cosec ®/3 , ‘ 

ir “■ 2> ' ^ " 


the term 



expressing the centrifugal effect, now vanishing. 


Here /a generally equals from ['175 to ‘225] V 2 jf {JI’ — h), while «3 
varies froih ['62 to ’68] V// {H' — h). a varies from 16° to 22°, while 
y varies from 15° to 25°. 

Evidently with a given value of a and of (8, at only one point in the 
’Radius of the wheel for any given speed, will the conditions be suit¬ 
able for entrance without shock. For entrance without shock at all 
radii, the value of fi should change continuously, so as to suit the corre¬ 
sponding peripheral speed. This construction is seldom carried out in 
practice, it l)eing usual to have helical vanes, with radi?.! inlet and outlet 
edges, both for guides and wheel, and to give a and j8 their correct 
values at the mean radius. With such vanes, having a constant pitch, 
the angle of inclination diminishes as the radius increases, and while j 
■ this is an advantage in the c.ise of the guides, it is the reverse in the casft" 
of the wheel, where the value of /S for no shock should increase with, 
the peripheral velocity and therefore with the radius. Better results 
woqld be obtained by giving the wheel vanes the same angle at, all radii,, 
although if the width of the buckets is small—not exceeding ^ the wheel: 
iliapieter—the loss from shock is trifling. 
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Aut. 148.~A«ERiaAN Type : Combined Radial Inwakd Plow and 
Axial Di^charoe Prbssdbb Turbines. 

Here, as in the inward flow type o£ wheel, the turbine is to a certain 
ixtent se^lt-regulating. The design of the vanes at inlet is regulated by 
he laws governing the design of the inward flow wheel and at outlet 
)y the laws governing that of the axial flow type. In general, a higher 
leripheral velocity is adopted for this typo, this varying from •? to ’75 
s/ g h for maximum efficiency at full gate. Where regulated by 
ylinder gates, the speed lor maxi- 
num efficiency falls to from "57 
lO T)! V 'itg 11 at half gate, the 
ifficiency under these conditions 
varying from about 80 per cent, 
it full gate to 6.0 per cent, at halt 
;ate 

With the better makes of this 
ilass of machine, having inlet 
ingles of about the same magni- 
;ude as those of the Francis and 
Thomson turbines, the full load 
efficiency would appear to be 
almost, it not quite, as high as is 
attainable with either of the latter 
types. 

The correct inclination of the 
tangent plane to the vane at dis¬ 
charge, at any radius, may be 
determined on the assumption 
that when the wheel runs lull 
there is no relative radial interchange of the particles of water. The 
turbine may then be imagined as subdivided into a series of n elements 
each having a depth at inlet =b~-n, and a width at outlet =l-^n, 
where b is the depth of the wheel at inlet and I is the length of the dis¬ 
charging periphery of each bucket (Fig! 260). It then becomes easy to 
calculate the respective angles of inclination to the horizontal and the 
vertical at the mid point of each element at outlet in order that the dis¬ 
charge may be as nearly as possible axial, and so to obtain the contours 
of the vane. 

This method cannot, however, be pelied ntwm to aiyg very accurate 
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results, siilce the velocity of flow across the whole outlet area will not be 
equal. This follows because of the reduced resistance to flow through 
those elements which offer the shorter path to the water, and in which at 
the same time, because of their shorter radial length, the resistance to 
inward flow caused by the centrifugal action of the water, is least. Thus 
the velocity of flow will be greater in those elements of the discharge 
area which are at a greater distance from the centre. 

It thus becomes necessary for accurate results to treat each section as 
a separate turbine with given inlet and outlet pressures, and so co 
calculate the relative flow per unit area across each section. 

This involves very elaborate calculations,* and the more usual method 
in practice is to determine the correct mean angle for the outflow at the 
point of mean radius on the assumption that this outflow is uniform over 
.the whole section. 


Art. 149.—Impulse Tuuuine of the Girard Type. 


Here the pressure remains constant throughout the turbine, being 
either atmospheric or that corresponding to the air pressure inside the 
turbine casing, so that jij = ^ 3 . 

As in the pressure turbine, the work done by the water, assuming the 
vanes designed to give no velocity of whirl at exit, is given by 

V = n\ 1(2 foot lbs. per second. 

0 ^ 

The equation of energy— 

p? 4. "'2^ _ Pa 4. 4. 

2g g' 

•how simplifies to 

/ 8 ® = 2 lf 2 ll 2 . . ( 1 ) 

Writing/s = fc/ 2 , this becomes— 

« + (1 — li?)M = 2 Wi ti^. (2) 

H fi =fa, i.e., k = l, this reducea to «a = and ' since /a* 

— CfnJ '2 g 11', where C„ = ‘97 (approximately) 
x/'^X27H'-7a^ 

?/j_---- 


C.VYgH' 

2 


(approx.). 


1'For a miuncmatical investigation into this matter the rcudct may consult an article 
..Professor Lorens, Zeiltckrift Vereines Dmtsoker Ingenicun, Octobm*, 1905, (p. 1670)^ or 
TkMrie der I^ranoii Turhinen^ Fritz Oesteriexu Berlin. Julius Springer. 
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so that the peiipheral speed for maximum efficiency is approximately 
half that due to the supply lead. 

Since the kinetic energy rejected at discharge increases with an increase 
in /a, it is necessary to keep this as small as possible, so that in practice 
the vanes are usually designed to give k a value between and J, while /a 
is given a value about '40 V 2 g H’. On this assumption, we have— 

= 0,,^ X 2 </ //' -/a'^ 

= ‘lg]l' [ C/ - 16} 

= -781 X 2 (/ H' 
wa = '884 V i g II'. 


Again, 


•-- = tan a 
«'2 

tan a = = •458 


a = 24° 24' (approximately). 

Ai’isuming k = J, and writing t2) in the form 
«2 , 

1 + ““2¥a~ 

thiu becomes on substituting 

«2 = { 1 + 1 tan “a } 

= -577 tea = -625 C, VT^lF; 

so that the peripheral speed of the wheel is slightly greater than half 
that corresponding to the supply head. 

Again, since /a cot p = wa — wa 

= ivi (1 - -577) 

we have cot p = '423 cot a 

~ •453 “ 

/. P = 47° (approximately). 
fa = ua tan y 
’•a. 


Again, 


= «a. 


J'a 


ton y. 


In yie case of an axial flow turbine rs = ra, so that 
/a = tta tan y 
, k /a k iCo tan a 

= tan a = •flOfl 
•677 

/. y = 21° 30' (approximately). 
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Evidently the whole series of angles depends entirely on the value to j 
be given to/j. 

If the relative velocity of water and vane is unaltered by its passage 
through the wheal, wo have 


/a cosec P =f \ cosec y 


sm p_1 

nin y~fs~k' 

Again, the effective sectional area of the wheel passages at inlet 
= 2 TT Ja l)a sin fi, and at outlet = 2 ir 1-3 ia sin y (neglecting the thick¬ 
ness of the vanes), and since the effective area should increase rather 



Fio. 261.—Girf^'Turbine with Outward Ha lial Flow. 


than diminish towards the outlet, in order to give free deviation of the 
jet, we must have 

2 IT ra 1)3 sin y = j 
2 t! ra ia sin /S > 

In Tan axial flow machine this makes eflual to or greater 


than 1 , so that 63 must be equal to or greater than 


This necessitates 


the buckets being splayed out towards the exit as illustrated in Fig. 261. 

The buckets should not be more than ‘9 full at entrance, and ’75 fall, 
at outlet. The pitch of the guides should then be lees than that of the 
wheel vanes, the breadth h being calculated to give the necessary 
proportion full at entrance. 

. 4 . The pitch of the vanes should be small to avoid excessive loss, by shock 
at entrance when the tip of the wheel vanes has passed the eorrebponding 
jguide vane. 
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The actual path, k J,o( a, particle through the wheel may be drawn 
as in the case of the pressure turbine, except that now, in the case of an 
axial flow turbine, the relative velocity of water and vane is fixed,* while 
the velocity of flow varies. In this case, then, a series of equidistant 
points tui the curve of the vane being taken from entrance to exit, the 
uoints in which concentric circles through these points cut corresponding 
equidistant vane ((ositions will give points on the true path of the 
particle, the time reijuirod for the particle to travel from point to point 
along the vane being equal to the time required for the vane to travel 
from one position to the next. 

Once a and y have been determined, the peripheral speed for maximum 
efficiency may readily ho obtained graphically. 

Thus, with the usual notation, a h c and d cf (Fig. 203) represent the 
triangles of velocity for the inlet and outlet edges of an impulse turbine. 
In an axial flow turbine the relative velocity d f at exit will be equal to 
thai of a c at inlet. In an outward flow turbine d f will be greater, but, 
as previously explained, may be determined graphically. 

Also for maximum efficiency the velocity of the water on leaving the 


^ Except as mtxliiif'U by the inllucnoe of gravity. Neglecting frictional rcsigtanccB and 
windage, this is true wi long as every portion of the vane over which a given tilameiit passes 
is moving at tlie same sped, as is tin* case in an axial How nnicbicc where the path of each 
particle is presumably parallel to the axis. If, how¬ 


ever, different portions of the surface with which a 
part icle ctimes in contact have different velocities 
as in the case of a radial How turbine, the relative 
velocity is no loiigor coii.stant. It may, however, be 
detenu fied graphically, since it will be the resultant 
of the n-Iatn-e velocity at inlet, and of the (com¬ 
ponent 111 the din'ction of the vane at the requird 
point, of the relative velocity of the vane at that 
point and at inlet. Thus, if in Fig. 202, 

I n a — relative velocity at inlet' 
ah =* vel(X 5 ity of vane at inlet 
c d = verity of vane at out let 

« 

1. in c ji = y. 

Then de ~ relative velocity of vane at outlet and 
at inlet, and ef, drawn parallel to c ni, n'presents 
t)ie conjponent of tliis in the direction of the vaue 
at outlet. If then ck ^ na, and if c h be produceif 



Fin. 202 . 


to m where km = ef^ the relative velocity at out- 

let is represented by c m. Where, in the ease of a Girard turbine, the ratio of outer and inner 
radii *= 1-25 with a value of 7 = 21 " tlic actual relative velocity at outlet is approximately 
1*23 times that at inlet. Frictional resistance will, however, reduce this by some unknown 
amount, and will probably bring the ratio down to about I'lO. In any case, the effect on the 
value of 7 for maximum etticiency will be slight, the effect being to reduce this value, and this 
should be taken into account in arranging the design (sec Fig. 261).^ 
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buckets must have a miniuium value so that ef must be perpendicular 
tode. 

If then a straight line, h' a', bo drawn to represent v, and if a right- 

angled triangle, h' a' a', be described on b' a', the angle b '«' e' being 
equal to a, the side o' «' will represent 2 a. In the case of a radial flow 





Fio. 263. 

turbine the construction is modified as shown in Fig. 203 b, whore c o 
represents the relative velocity at exit. 

Abt. 150.—EFFECt OF Centrifugal Action. 

in an axial flow impulse turbine with radial vanes, centrifugal action 
tends to heap up the water towards the outside of the buckets and so to 
^cause an unevenness of flow which militates against efficient working. 

Thus in Fig. 264 a particle of water entering at P (in plan) tends 
W fallow & path P A instead of its actual path P B. The outer partiqlefk,,, 
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are prevented from following the path PA by the action of the outer 
walls of the bucket, but at points nearer the centre of rotation this con* 
strainl is absent and the particles 
tend to follow their natural paths. 

The relative motion which then takes 
place may be prevented by designing 
the buckets so that the actual path 
of each particle, in plan, is a straight 
line perpendicular to the radius. In 
this case, if Q is the middle point of 
the bucket at inlet. It will be its 
middle point at outlet, and the bucket 
will be splayed out symmetrically 
about It instead of ]{'. 

A second mc^thod which has boon 
adopted consists in making the 
outlet edge at P, parallel to P S, 
instead of being radial, where 

S P () = A P li. The inlet edge C J.) is then made parallel to this, 
with the result that the length of path traversed by tho various particles 
becomes more nearly equal and the relative motion is largely prevented. 
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AuT. 151. GuNRnAL CoMl-AUISON OF IMPULSE AND PbESSUEB 
i UKIIINES. 

The impulse wheel, having a peripheral velocity of approximately; 
I \/ 2 H II, as against about 7 */ ‘^;/11 for tho pressure turbine, is, well i 
fitted for very high falls. For the same reason its velocity hecomes low_ 
under low heads, and this renders it unsuitable fof driving electric, 
generating machinery under such conditions. Further, with low falls 
the percentage vHriation in head js generally comparatively large, and 
tho difficulty of maintaining the speed approximately constant, and 
of maintaining the efficiency under such head variations, is great 
On the other hand, the part gate efficiency is high whore the head 
is constant and where the load or supply is variable. Either type 
may be used for any head up to 500 feet, though the impulse type ie 
preferable for heads above about 200 fedt, except for very large powere 
Also with either type full load efficiencies of alwut 86 per cent, may lx 
obtained under favourable circumstances, the more modern type oi 
Francis turbines with swivel guides having a slight advantage in thif 
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respect. Either type may he used in connection with a suction tube, 
though the pressure turbine ‘ mds itself more readily to this construction 
and has the further advantage that it may be drowned without loss of 
efficiency. The efficiency of the pressure wheel is not so sensitive to 
changes of supply pressure as that of the impulse wheel, and therefore 
this type is better fitted for work under a variable head. On the other 
hand, except when fitted with swivelling guide blades, its part gate 
efficiency is low. Apart from the conditions outlined, the possibilities of 
accurate speed regulation are aboi ‘ equal in the two types. 

While the cost of the machine depends largely on the type and form of 
construction, the capital costs of a pressure and an impulse turbine to 
give equally good results as regards efiieiency a’'d speed regulation are 
practically equal for a head of about 175 feet. For greater heads the 
pressure turbine, and for lower heads the impulse turbuie, lascoines the 
more expensive. 


Abt. 152.—The Stand Pipe. 

The advantages of a stand pipe in increasing the possibilities c^f 
accurate speed regulation on an increasing load have already been 
indicated, and, as will be readily understood, the larger the area of this 
pipe the more satisfactory are the results likely to be. Mechanical 
difficulties, as well as considerations of first cost, however, limit the 
maximum permissible size, ipd it becomes important to determine what 
minimum'size of pipe will enable satisfactory speed regulation to be 
performed. 

-.^The following investigation, though only approximate, gives results 
which are sufficiently near to enable the necessary size to be estimated 
with fair accuracy. 

Id this investigation, which will tahe the form of a specific example, 
the horse power of the turbine, its efficiency, the diameter of the penstock, 
its length, and the working head, arq assumed as being known, as is the 
maximum increase in load likely to occur at any one time. This enables 
the necessary velocity of flow along the penstock to he determined both 
before the increase in load and ^fter the velocity has again become con¬ 
stant after this increase. By applying the equation of energy in the, two 
cases, the pressure, at the stand pipe, and thus the free level may be 
obtained, from which the fall in level, and hence the volume of water 
leaving the stand pipe during the change, may be obtained in |erm8 of 
the area. The energy entering the wheel from the stand pipe may then 
be aalculated. and. if it be assumed that the acceleration in the nenstoek is 
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sensibly uniform, the energy entering the wheel from tne supply reserroir 
during the change may also be calculated, so that the total energy sup¬ 
plied to the wheel during the period of ^transition may be obtamedi 
Equating this to the energy required to' develop the required hearse 
power, the time necessary to produce the required change in the velocity 
of flow, and hence the-acceleration may be calculated in terms of the 
stand pipe area. Having obtained this, it only remains to equate to the 
maximum acceleration consistent with good speed regulation. 

The value of the latter factor depends largely on the exact requirements 
of the plant as regards speed regulation. Where this is to be very close, 
as in a plant for electric driving, the acceleration should not exceed that 
given by the formula 


•075 

o = —— ft. per sec. per sec. 
= 2-4 ft. per sec. per sec. 


Example. 

Consider a turbine, supplied under a head of 60 feet, through a pen¬ 
stock 4 feet diameter and 200 feet long, and working under a normal 
load of 800 B.ll.P. Assuming the efficiency of the turbine to be "80, 

800 X 550 

this necessitates a supply of energy = •—-= 206,000 foot lbs. 


= 62-4 at; U-^ 

= 12'57 square feet. 
= 60 feet. 

= '005 (say). 


per second. 

And since the energy entering the wheel ) 
casing per second | 

Whore a = area of penstock 
h = supply head 
/ = coefficient of friction 

This gives on substitution and reduction— 

V = 4‘4 feet per second 
as the velocity qf flow along the penstock. 

Similarly, if the maximum increase in load is one of 50 per cent, up to 
450 H.P., the now velocity, when steady flow is once more attained, will 
be 6'64 feet per second. 

Now, ilh, is the head at the entftmee to the turbine casing, and 
therefore at the stand pipe, we have, in the first case— 


= 60 - -3 (1 + 1) 
= 69-4 feet. 
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While in the second case, when v = 6'64, we have— 

/(, = 60 - -685 X 2 
= 58-63 feet. 

t 

Fall in level at stand pipe = -77 feet. 

The mean height in stand pipe = 59-0 feet, so that if A is its area, 
the energy leaving during the transition 

= -81 X 59 X 62-4 X A foot lbs. 

= 2,830 A foot lbs. 

The energy entering the casing from the penstock in the same interval 
of time, (i seconds, is given by 

rh 

/ 62-4 a V I h - n-- d t 
Jo { ■^0 w 

and, assuming uniform acceleration so that —= u, uud writing 

2'2t 

V = I'l. -|- o ( = 4-4 + - .t, this becomes 
'1 

02-4 « ^ I ("1 -f “ 0 - t'-| + “ I? j d t 

= 784 ti'j^ (60 X 4-4) + (30 X 2-24) 

1 / 3 \ 2-2J-’) 1 

•• ( 2 X X 2-24 ) + (4-4 X 2-24'>) + j J 

= 784 h 1 264 + 67-2 - 2-7 } 

= 257,500 ii foot lbs. 

.-. ror speed to be maintained with the increased load, we must 
'hav^:— 


2,830 A + 257,500 4 = 


450 X 5.''>0 


= 309,000 h 

:|^^; = 18•20 4 


or 4 = ’055 A . 


.Thus the acceleration of the supply column, corresponding to any . 

increase in load, varies inversely as the area of the stand pipe. 

nr-, I i t L I 1 • 2-24 2-24 

.t- With a 4 foot stand pipe o = — = 

= 3-16 f.8.s. 
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KR7. 


A , • I a 2'4 X 60 

Applying the rule o = 2'4 -j = 


•72; 


200 

2-24 


•72 f.s.s., this gives ub 


■ -056 A " 

A = 56'5 square feet, 

corresponding to a diameter at tlie top of 8'48 feet. 

The stand pipe would in this ease take the form of a vortical pipe about 
3 feet ill diameter, and carrying a circular cistern 8 feet 6 inches in 
diameter at the top, the top of this cistern being alxiut 62 feet above the 
centre line of the turbine and its depth about 3 feet 3 inches, thus 
leaving a depth of water equal to 3'25 — 2'0 — •81 = ^44 feet, when 
working under full over-load. 

The stand pipe is not usually fitted where the supply head is above 
200 feet. In the power plant of the St. Louis Hydro-Electric Company,* 
the total head is 380 feet, developed on a pipe line about 5,000 feet long. 
When finally completed there are to be eight parallel pipes, each 7 feet 
in diameter, coupled to a transverse receiver 500 feet back from the power 
house, which receiver is itself at an elevation of 145 feet. From the 
receiver, an open stand pipe 235 feet long and 6 feet diameter, carrying 
at the top a circular tank 30 feet in diameter, is erected. 

The whole plant is intended to consist of eight units of 18,000 B.H.P. 
each, the stand pipe being designed to sttpply sufiScient energy for an 
additional sudden demand of 10,000 B.H.P. 

In the Wenatchee lliver Power Plant** three 4,000 K.W. Francis 
turbines are supplied under a head of 200 feet through a pipe line 8^5 feet 
diameter and 2'5 miles long. In this plant a surge pipe 8 feet diameter 
is provided, the overfiow level being 7 feet above the crest of the dam, 

Aar. 153.— Flywheel Effect. 

So far, the effect of any flyw^tieel which may be fiited to the turbine 
shaft has been neglected, the rules already given applying where no 
special flywheeHs fitted. 

To consider the effect of such a wheel it must be remembered that 
the total store of kinetic energy in a wheel of weight W lbs. and of 
effective radius r feet when rotating at a speed of <•> radians per second 


/ . 2TrN\ . 1 

In revolutions per minute, where i» = 1 > *s equal to ^ 


W 


a<fi 


foot lbs. = 2 ^ 


( 1 )**, where I = moment of inertia of wheel. 

' 77ie Engine4^y February 15,1907, p. 155. 

* Tlie Engineer^ February 18,1910, p. 166. 


9 

If then 
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the speed of such a wheel is reduced from <oi to wa, the store of energy 

given out = 11 — <" 2 “) = ^ I (<»i + “ 2 ) (,“>1 - wa) = S E, 

and if a is the uieau angular velocity, this may be written :— 


1 SE 

2 ^“*“= 2 


1 


. § < 


SE 
'2 • 


Putting jj 1 10 ^ = E, tins becomes 


8 <0 S E 

7 ; “ 2 K 


Le., the proportional change in the store of energy in the wheel is twice 
as great as the proportional change in velocity. 

Suppose, for instance, in the numerical example just considered (p. 565), 
the turbine, rotating at a mean speed of 240 revolutions per minute 
(a = 8 Tt), to be fitted with a flywheel weighing 5 tons and having an 

effective radius of 2’5 feet. The value of PJ = i I now becomes 

a 


1 5 X 2,^0 

2 • I52-2 


X -j X 64 V 


2 


= 687,000 foot lbs. 

If the maximum speed Variation on throwing on the excess load 
« 8 (0 

is to be 4 per cent, of the loBan, so that — = '04, wo have 8 E, the 


energy given out by the wheel during its retardation, given by 
8 E = 2 X -04 X 687,000 foot lbs. 

■/ = 55,000 foot lbs. 

If the same acceleration in the penst.ick be assumed, the amount of 
energy, required fr/nn the stand pipe during the transition may be reduced 
by this amount, and since each square foot of stand pipe area gives up 


2,830 foot lbs, of energy, this area may be reduced 


55.000 

% ^ square 


feet = 19‘4 square feet. 

This gives an area = 58-6 - 19'4 = 34‘2 square feet, an’d a diameter^ 
of 6 feet 6 inches, as against 8 fdbt 6 inches without the wheel. 

Evidently with a sufficiently heavy flywheel it would be possible to 
eliminate the upper cistern altogether. 

For further information on this subject. Papers by E. D. Johnson* 
and by Professor Irving P. Church ** should be consulted. 


* Am. Soc. C.K., June, 1908, p. 443. 

*. C^'ndl Civil Engineer, December, 1911, p. lU. 
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(1) Show that in a reSction turbine working under conditions of 
maximum efficiency, the efficiency is given bye 

, = 2(1-c)cos»a 

where e measures the proportion of energy existing in the form of 
pressure energy, in the water at entrance to the wheel. 

(2) The angle of the guide blades in an I.P. reaction turbine is 12°, the 
peripheral speed is 32 feet per second, and the velocity of the water at 
inlet is 36 foot per second. Determine theoretical vane angles at inlet 
and outlet, the inner being | the outer diameter and the velocity of flow 
constant. 

(Inlet angle = 67°. 
nswer. | angle = 17“ 20'. 

(3) If in the previous example the head is 36 feet, the B.H.P. 50, the 
gross efficiency 82 per cc:it., what must be the effective area of the wheel 
inlet, assuming a coefficient of contraction of '95. 

Answer. 2'10 square feet. 

(4) The external and internal diameters of an I.P. reaction turbine are 
4 feet and 2 feet 3 inches, the vanes are radial at inlet, the velocity of 
flow through the wheel is = J J ‘1 g 11’, and the peripheral velocity is 

ir 

that due to a fall through Determine the vane angle at outlet for 
the water to be discharged without any tangential velocity. 

Answer. 17° 27'. 

(5) If in the turbine of the preceding question the vandfe at outlet make 
an angle of 20° with the circumference, determine the speed at which 
the wheel should run ; the velocity of flow; and the pressure and kinetic 
heads in the supply chamber, in terms of the available head H', 
and also deteimine the angle which the guide blades make with the 
circumference. 

Answer. 

Revolutions per minute = 4'71 g H' a = 10° 11'. 

Velocity of flow, f = •’J J g II' 
treseure head = ’492 II' 

Kinetic head = 'SOS H'. 
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(6) A Jonval turbine works under a head of 13'6 feet. The meat 
diameter is 8 feet, the width of buckets =,17| inches, the number o: 
revolutions 46 per minute, and the turbine develops 266 horse power wit! 
an efficiency of 86 per cent. The number of vanes is thirty-eight, these 
being inch thick. Assuming guide angles of 18°, and a coefficient ol 
discharge of ‘9, determine the velocity of exit from the guides, and the 
inlet and outlet angles of the wheel vanes for entry without shock and 
for rejection of water without velocity of whirl. Assume a coefficient oi 
discharge of ’9 for the discharge orifices. 

(7) The following are details of an outward flow reaction turbine ;— 

a = 28°; ;8 = 90°; y = 22°; 

j'j = 3'875 feet; Vs = 4'146 feet; 

bi = -971 feet; hi = -937 feet; ha = ■9.32 feet; 

ni= 33; hj = 44; ti = ‘0083 feet; ti = •0117 feet. 

Measured outflow area of guide passages = 6‘537 square feet. 

„ „ „ buckets = 7'687 „ 

The available head is 13 feet. Determine the number of revolutions 
for maximum efficiency, and determine the hydraulic efficiency under 
such conditions. ‘ 

(8) The following are details of a 800 H.P. outward radial flow Girard 
turbine:— 

a = 20°; ;8 = 36°; y 30°; rj = 4‘i feet; ra = 4'71 feet; hi = bi = 
4'91 inches; = 16'14 inche^. The effective head is 59.')'5 feet, and the 

coefficient of discharge fron/ihe guide passages is found to be '85, the 
coefficient of velocity being '92. Calculate the speed of rotation (actually 
200 per minute) for maximum efficiency. 
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The Hydraulic Kngine—nrotherhood—Rigg—Theory of Action—Ivosscs—Tort Areas. 

Aet. 154.—The Hydraulic Encine. 

Where a supply of high pressure water is available, and where inter¬ 
mittent rotary motion at a moderate speed is desired, the reciprocating 
piston engine has certain advantages, particularly where it is able to. work 
at or near full load, and where the speed variation may be excessive, as 
occurs, for example, in the working of a cajtstan. For such work the 
rotary motor is out of the question, both on account of the necessity 
for geaiing to reduce its necessarily high speed, and of the great 
reduction in its efficiency under variable sjieod conditions. The recipro¬ 
cating engine, however, having an efficiency which is approximately 
independent of its speed, and being compact, is particularly well adapted 
for sucli work. For small powers, too, wliere the load is fairly constant, 
such iis for driving ventilating fans, organ bellows, etc., its high 
efficiency and the absence of noise connected with its use often render 
it. in the absence of an electric supply, the most suitable motor to 
use. 

One of the most widely used types of engine is the Brotherhood 
(Fig. 265), which is designed to work with pressures from 60 lbs. to 
1,050 lbs. per square inch. 

Here three single acting cylindois fitted with trunk pistons are fixed 
radially at 120° to an external cylindrical casing, the three connecting 
rods working on » single crank pin. Each cylinder is fitted with a 
single inlet and outlet port, the opening of this to supply and exhaust 
being regulated by the rotary valve shown at D in Fig. 265. 

This valve is rotated by the crank shaft, and carries passages con¬ 
necting with the pressure supply and the* exhaust which are alternately 
presented before the port of each cylinder in turn. The method of 
keeping the rotating joints tight against such high pressures is indicated 
in the sketch. Here A is a leather joint washer, on which the back nut B 
rotates, the play due to wear on the joint being taken up by the expan¬ 
sion of the rubber ring C, which rotates with the valve and back nut. The, 




“ FlQ» 265._Brotherhood Hydraulic Engine : Cylinders 5J inches diameter x 4 inches stroke, developing 13 B.H.P. at 47 revs, per 

min., with a supply pressure of 700 Ite. per square inch. (By Hydraulic Eng. Co., Ltd., Chester.) 
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valve itself bears against a lignum-vite seat. All pistons are packed with 
“ L ” leathers, and the cylinders and all working parts are lined with 
brass. 

The engine as thus constructed forms a compact ana serviceable motor, 
has no d%ad centre, and is built in sizes up to about 90 B.H.P. The 
piston speed is about 30 feet per minute for all sizes, the engine shown in 
Fig. 265 having cylinders 5J inches diameter X 4-ineh stroke and 
developing 13 B.H.P. at forty-seven revolutions per minute when supplied 
with water at 700 lbs. pressure. 

The full power efficiency, as measured on the brake horse power, varies 
with the working pressure from about 52 per cent, with 60 lbs. pressure, 
to 65 percent, at 1,050 lbs. This is equivalent to an hydraulic efficiency 
of from 61 per cent, to 76 per cent. Those values are probably too low 
rather than too high. 

All constant stroke engines, however, suffer from the fact that water 
cannot be used expansively, and since, to avoid shock, it is necessary to 
keej) the cylinders full of water, the same energy is used whatever the load 
on the engine, causing the efficiency to be low at light or variable loads. 
It has been attempted to overcome this difficulty, but without great 
success, by cutting off the pressure supply before the end of the stroke 
and admitting low pressure water from an auxiliary supply for the rest 
of the stroke. 

A device due to Meyer consists in jiroviding an air chamber at each 
end of the (double acting) cylinder. Cut-off may then take plaje before 
the end of the stroke, the air afterwards expanding and driving the 
piston. No gain in efficiency is to be anticipated from this method of 
working. 

The more usual device is to reduce the stroke and piston displacement 
to suit the varying demands for power. In the Brotherhood engine this 
has been accomplished by the llastie regulating device. 

As thus constru(Jtcd, power is transmitted through a hollow crank shaft 
to the driving jnilley by means of a volute spring, an increase in the load 
producing a fmther coiling of this spring. The inner end of the spring is 
fixed t(k the hollow crank shaft, while the driving pulley carries a disc 
keyed to a cam shaft working inside the crank shaft. Any variation in 
the load then produces a relative rotation of the crank and cam shaft. A 
cam keyed to the latter shaft utilizes this'relative rotation to increase or 
diminish the crank radius, and thus to adapt the volume of piston dis¬ 
placement to the demand for power. This device is, however, seldom 
now fitted to the engine. 
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Of all variable power engines, that of Mr. R. Rigg ‘ has achieved the 
greatest success in practice. ‘ 

This engine is provided with three cylinders, fitted with plungers which 
are pivoted at their outer ends to an external cylindrical ring, which is 
itself keyed to the driving shaft. The cylinders face radially ovrtwards at 
120 °, are single acting, and are rigidly fixed at their inner ends to a ring 
which rotates on a fixed hollow shaft forming the supply pipe, eccentric 
with the external casing, and carrying the inlet and outlet ports. 
The rotation gf the outer ring is thus accompanied by a reciprocating 
motion of the pistons in their cylinders, the stroke of each being twice 
the eccentricity of the two rings. There are three ports, one to each 
cylinder, and as these rotate each in turn is presented before an inlet and 
an outlet port in the central hollow shaft. Regulation of power at con¬ 
stant sp ied is obtained by altering the eccentricity, and therefore the 
stroke of the engine, by means of an hydraulic relay governed by a centri¬ 
fugal governor. The reduction in water consumption is thus proportional 
to the reduction in the stroke. When regulating the eccentricity by hand, 
at constant power, a decrease in stroke will be accompanied by a corre¬ 
sponding increase in speed, the work done per second then being 
approximately the same. This method of working may be adopted for 
capstans and the like, where when hauling in slack, etc., a rapid rotation 
with very short stroke is required, while when the full pull is to be exerted 
by the rope, a long stroke and slgw rate of rotation is essential. By revers¬ 
ing the ^lative position of the'^entre the direction of rotation is reversed. 

The speed of the engine may be anything up to about 500 revolutions 
per minute, though probably 250 revolutions marks the limit of its really 
efijeient performance. At the latter speed the inventor claims to obtain 
efficiencies up to 80 per cent., though this value would appear to be 
'improbably high. , 

In the Armstrong type of engine, oscillating cylinders mounted side by 
side and driving on to a common crank shaft are adopted. Three cylinders 
driving cranks at 120° are usual, and are fitted, either with externally 
packed rams forming a single acting engine, or with differential rams 
having areas in the ratio 2; 1. The smaller of these is exposed a con-* 
stant pressure head, and the engine becomes double acting with equal' 
efforts on each stroke. The smgle acting engine is more commonly used. 
Admission and discharge take place through a circular slide valve wdrking 
within the hollow trunnions which carry the cylinders. This engine is 
made to develop up to about 70 B.H.P. 

1 See Hiuiiniirina, voL 45. d. 61. 
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Akt. 155.— TnEOKY*oi*’ the Hydiiaulic Engine.—Horse 
Power. 


If K = number of cylinders—supposed single acting. 

p = mean effective pressure in lbs. per square inch in each 
cylinder. 

N = number of revolutions per minute. 

I = length of stroke in feet. 

A = ram area in square inches. 


Then I.H.P. = K 


pi A N 
iJlbOOO' 


The mechanical efficiency varies with the size and type of engine, and 
with its condition, but will be generally about 85 per cent. 

If Q = volume of water used per minute in cubic feet. 

11 = supply head in feet. 

The hydraulic efficiency 

_ indicated work o n pis ton _ I A N 
~~ energy in supi)iy water ~ G‘2'4 Q 11 ' 
or writing Q = K I A N -v- 144, 

144 V 2-31 p 

we have the hydraulic efficiency = ~ ^lT~' 

, „ , 33,000 (U.H.P.) 

The total efficiency of the system = —— 


= hydraulic efficiency X mechanical efficiency. ,, 

Faumre on Pinion—As in the reciprocating pump, the pressure on the 
piston at any point of the stroke is affected by the inertia of the supply 
column. The engine may in fact be considered as a reversed pump with 
mechanically operated valves, and the investigation into pressure condi¬ 
tions in the cylinder proceeds on ei actly similar lines to-that in the case 
of the pump. Eor a further investigation of these pressure effects the 
reader is referred’to Art. 163. It maybe noted, however, that at any 
point of the stroke, where a is the piston acceleration and v its velocity, 
if o, is the area and I, the length of the supply pipe, m being its hydranUo 

mean depth, we have:— „ 

Head on piston 1 _ f supply head _A I, ( , 1 1 

in feet ) L in feet a, ’ g' | ' 2 j« a.) J ’ 

Here a is positive during the first, and negative during the last part of 
the stroke. 

A weighted accumulator feeding the supply pipe line has the effect of 
increasina acceleration pressures as explained in Art. 1,93. The provision 
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of an air vessel-on the supply side of the engine materially improves the 
smoothness of running, and by maintaining'an approximately uniform 
flow in the supply main, reduces frictional and shock losses and so 
increases the efficiency of the motor. The necessary dimensions of this 
air vessel depend on the number and arrangement of the cyliuders; on 
the speed and dimensions of the engine; and on the length of supply pipe. 
If more than one cylinder is used, the cranks being placed at equal angles 
round the shaft, the velocity of flow through the supply pipe is consider¬ 
ably steadied, Md indeed with the usual type of three-cylinder engine 
having cranks at 120°, becomes so nearly uniform that it becomes possible 
to dispense with the air vessel. 

For a further consideration of the questions deciding the size of the 
air vessel in any particular case reference should be made to Art. 168. 
With the high pressures usually adopted in these engines it becomes 
imperative either to provide some mechanical device for maintaining the 
charge of air in the vessel, or to make the vessel of ample area to main¬ 
tain its mean working level approximately constant over long periods of 
working. Thus the necessary size of air vessel for the engine will in 
general be slightly greater than that for the corresponding pump. ' 

Losses in the Hydraulic Engine.—Port Areas.—These losses are due, 
partly to friction but more particularly to shock produced at sudden 
changes of section, and are therefore approximately proportional to the 
square of the velocity. To reduce these, all throttling is to bo prevented as 
far as possible, inlet and outldf ports are to bo short, direct, and of ample 
area, with iksy curves and with few changes in sectional area or shape. 

Where, as in some instances, the inlet ports are emptied at the end 

each exhaust stroke, to be refilled before the commencement of the 
next working stroke, this is productive of a direct loss of energy, since, 
owing to the fa,ct that the fluid is inexpansive, no work is done on the 
pistoii until these ports are completely' filled. This loss increases with 
the area of the ports, wliile friction losses and those^due to the loss of 
the kinetic energy of entrance decrekse as this area increases, so that in 
any particular case there will bo some one port area for which the total 


loss is a minimum. In the case of a single acting engine:— 

The loss of energy per revolution due 

to water necessary to fill inlet ports of . q, , , , ,, 

t t J 1 11 i i f = 2'31 u . t. o foot lbs. 

area a square feet and length I feet, at ■ 

a pressure p lbs. per square inch 
Loss by friction per stroke = 62-4 L A X ~ 


-foot Ibfiit. 
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uoBs 01 Kinetic energy per stroke ) 

(assuming all this to "be l6st) j 
where L = length of stroke of piston 

1> = diameter, A = area of piston in square feet 

V' 


= fi2-4 L A .-foot lbs. 
^9 


— mean square of velocity of flow through ports 

mean square of piston velocities throughout 


— , where ■ 


a‘ 

a stroke. In general v may be taken as 1‘25 times the 
mean piston velocity with sufficient aceur.icy for practical 
calculations.* 


Since the losses of head included under the two latter headings serve 
both to diminish the effective pressure on the working stroke and to 
increase the back pressure on the discharge, we have the total loss of 
energy per working stroke 

= 2-31 p I a + 195 I -^- + 11 foot lbs. 

(r 2 (/ I m I 

Substituting for A and a in terms of D and d, and writing w = this 
becomes 


•77 

A 




'2, (j { <1 


]■ 


Difffirentiating this with respect to d and equating the result to zero, 
we have;— 

pi 

from which, by siiccussive ajiproxiumtions, or by griiphical solution, we 
can find d, the diiimcter of inlet pOr'.s for the total loss to, bo a minimum. 
If the inlet passages are rectangular in secti()i7 it is sufficiently near for 
practical purposes^ to make their sectioiuil area equal to that of this 
circle. 


• Ucrej7,„ Si Z ■- time to complete one sti'oke. 

It a curve be plotted haviiij; the squares ot the piston velocities as ordinates on a displace¬ 
ment base, the mean beiglit of tlic curve will equal ^ In the ease of an oscillating 
cylinder with a connecting rod equal lo three cranks i‘n length, the ratio u apiiroximateiy 
equal lo 1*27, so that ( - - ') -= With a Jon^?cr connectin" rod this will he reduced. 

«o that in general ( ^ will apnroxiraatelv cniial 1-5C = fl'25)* , 
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Example. 

Hydraulic engine, 12 inches diameter, 12 inches stroke. 

j) = 750 lbs. per square* inch, mean piston velocity 3 feet per second, 
length of ports 2 feet; / = ‘01. Here 7/ = 1; 7) = 1; f = 2: 

We now have d® = ^ X 11 X -1 [. 

Neglecting the ~ in the last factor, we get <f’ = ‘0157 as a first 
approximation, from which d = ‘50 feet. 

Substituting this value of d in the factor 1 + ^' g6t as a 

second approximation— 

d" = -0157 X 1-2 = -0189, 
giving d = ‘515 foot = inches. 

If this value were adopted for d in the last factor of the above 
equation, and a solution obtained as before, a still closer approximation 
to the true value would be obtained. Generally, however, a second 
approximation gives results which are sufficiently close for any practical' 
purpose. 

If this method be applied to the design of the Brotherhood engine 
(Fig. 265), having a 5J-ineh cylinder with 4-inch stroke, working at 
forty-seven revolutions' per minute (v = '52 feet per second) and 
having a port length of 18 ipches, taking/=: '010 we have:— 
jr, Ufx (‘52f X 7« f, , ‘075 1 
~ 1-5 X 8 X 16“ X 750 1 “d J 

From which we finally get d '116 foot = 1'39 inches. 

■The area of this corresponds to that of a rectangular port 1| inches 
wide,by inch deep, as compared with, the actual dimensions, 
IJ inches X | Inch. •- 

“This investigation shows the importance of having as far as possible 
separate inlet and outlet ports for these engines, or, ^Vhere using a single 
port, of designing this so as to remain full until readmission takes place. 
Where this design is carried out the port area may be arranged to 
give a mean velocity of flow of from 2‘5 to 3'5 feet per second. In the' 
alternative case a smaller port area will in general give' better results, the 
velocity being increased up to a maximum of about 8 feet per second: 
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Puinping Machinery- The Scoop Wheel The Archiincdcnn Scin^w—The Tleciprocating Pump 
—Types—Valves—Theory of Action Air Vessels—I’ositive R(>tary I’uinp. 

Art. 15G.— Prill'S. 

Most hydraulic prime movers are, with slight modifications, capable of 
being reversed, and when driven by an external agency provide a means 
of raising water from a lower to a higher level. 

Thus the overshot water wheel corresponds to the chain and bucket 
pump; the breast or S.igebien wheel to the scoop wheel; the reversed 
pressure turbine gives the centrifugal pump, and the reversed recipro¬ 
cating engine the reciprocating pump. The capacity of each of these 
machines as a prime mover also to a large extent indicates its capacity, 
when reversed, as a pump, and just as the reciprocating engine and 
turbine arc the most important types of prime mover, so the reciprocating 
piston pinuj) and the centrifugal pump are the most important types of 
pump. 

In addition to those already mentioned, we have a series of special 
types of pump, each of which is specially adapted to some particular 
combination of circumstances. Of these, the 'Archimedean screw, the 
jet pump, the positive rotary pump, the hydraulic ram, and the air lift 
pump, are interesting examples and will he considered in due course. 

Art. IIjT.—Tiik Scoop Wiiekl. 

This has in the past been laigely applied to the 'drainage of fen 
districts, and simply consists of a Sagobien wheel reversed and driven 
usually by steam power, the water then being lifted in the buckets from 
the lower to the higher level. It is fitted for lifts up to about 6 feet and 
may be constructed to deliver up to about 400 tons per minute, giving an 
etficieilcy under favourable conditions of upwards of TS* per cent. Its 
chief advantages appear in cases where a large quantity of deJni» is 
encountered. As in thiv Sagebien wheel, the inclination of the floats 
should be such as to prevent shock at entrance and losses at exit as far 
as possible. It is found that the best results are obtained when the 
angles which the vanes make with the water surface at entrance anif 

p p 2 
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exit are equal. If any variation is made from this^ design, it is better to 
increase the angle of egress, since this reduces the loss due to lifting the 
water above head-race levs,!. While increasing the loss at entrance due 
to shock, and to driving the water back from the floats, this is in general 
less serious than the former source of loss. In some cases the angle of 
egress is made equal to twice the angle of ingress. The floats are found 



FlfJ. 20^. Scoop Wheel with movable breastn 


to give better results when flat than when curved, and are arranged to 
make an angle of from 20° to 40° with the radial line. Since any 
variation in the head or tail-rate level militates against efficient workings 
it is advisable to regulate the supply level at the wheel by means of an 
adjustable sluice, so as to keep this constant; As usually constructed, 
the diameter of the wheel lies between 9 V 11 and 10 V 11, where H is 
the lift in feet. The peripheral speed is usually about 8 feet per sbeond. ^ 
T-ig. 266 shows one of a set of six wheels installed in 1901 at Bchelli;^« 
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woode for the purpose of maintaining the leyel of the Amsterdam Canal. 
The plant is required to lift over a range of heads varying from ‘S foot to 
8 feet, and to discharge 1,500 cubic feet per setend against a normal head 
of 1'8 feet at 4‘5 revolutions per minute. 

Undei* normal conditions the vane angle at entrance is 24°, and at 
exit 48". The diameter is 28 feet, the diameter of the circle to which 
the vanes are tangent being 5‘5 feet. An important feature of the 
installation is the movable breast float B which is fitted in front of each 
wheel. This breast is pivoted on a horizontal axis at its lower end, and 
is froo to take up a natural and unrestrained position in the current of 
discharging water. It is constructed of heavy planking and angle iron, 
and the comparatively high efficiency of the plant is attributed largely to 
the action of this float. The overall efficiency varies from 40 per cent, 
under I'C feet head to 74 per cent, under (i'fi feet head. 


Art. 158.—Thk Screw Pump on Auoiiimbdean Screw 
has in the past been largely used in Holland, and works with advantage 
against heads not exceeding 10 feet, having an efficiency equal to that of 
the scoop wheel. The 
pump consists of an 
inclined shaft carrying 
one or more helices of 
considerable diameter, 
which rotate with small 
clearance in a closely- 
fitting tube or open semi¬ 
circular cliannel con¬ 
necting head and tail- 
water. 

The angle of inclina¬ 
tion of tho shaft t« the 
horizontal is so arranged 
as to be less than that of the helical surface, so that water on being 
admittejj to the bottom of the tube always tends to rpn down this 
surface. Thus (Fig. 267), a particle of water admitted at P tends to 
flow to the point Q. By a rotation of the axis portions of the helix from 
G to R successively adopt fhe same position as Q relative to the axis. As 
they do so the water tends to flow into these positions and is thus passed 
along the screw, finally emergiiig at the top into the head-water. The 
most advantageous angle for the helix is found to be between 30° and 40°. 



710. 2C7.—Archimedean Screw, 
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In the more modern form of Hcrew pump the screw itself is similar to a 
screw propeller, but usually carries about six blades. This is carried on 
a horizontal or vertical axis and works with small radial clearance in a 
cylindrical chamber through which flow takes place. In such a pump, 
installed some few years ago in connection with the Chicago main drainage 
scheme, the screw lias a diameter of 18 feet 0 inches, and when rotating 
at fifty-two revolutions per minute, has a capacity of 23,000 gallons per 
minute against 3'5 feet head.^ 

Although botJi screw pumps and scoop wheels are capable of high 
efficiencies they are cumbrous, and run at inconveniently low speeds, and 
are in almost every case being replaced by the centrifugal pump. 


Art. 159.— The Beciprocatino Pomp. 

The oldest type of reciprocating pump is the bucket pump illustrated 
diagrammatically in Pig. 2(18. Originally devised 
as a lift pump, it was fitted with a hollow bucket 
or piston surmounted by a valve, and with a foot 
valve to prevent escape of water on the downi 
stroke. 

On the up stroke of the pump a partial vacuum 
is produced below the bucket, and the pressure 
of the atmosphere acting on the free surface in 
the su(^ly reservoir produces a flow up the suc¬ 
tion lube in virtue of this difTerenco of pressure. 

If h, = suction head in feet of water for any 
given iKisition of the bucket. 
ir„ = atmospheric pressure (in feet of water). 
Then, neglecting frictional losses and the effect 
of acceleration, the pressure head on the under 
side of bucket = ir„ — h, feet. This has its mini¬ 
mum theoretical value when ir„ — A, = 0, i.e., 
when an absolute vacuum is produced below the 
bucket, and the maximum possible suction head 
is thus equal to ir,,, or 34 feet,approximately.,- 
Practically, owing to the resistance of the suction valve, leakage at joints 
and past the bucket, and to the liberation of dissolved air at low pressures, 
this head is impossible of attainment, a suction head of 24 feet being only 
ihaintained with difficulty, and the maximum value of the suctioii. head, i 



Fia. 268.—Bucket or Lift 
PumiJ., 


4 sketch of (his pump see the Mecluinical ikgineer^ March 20,1908, p. 367. 
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i.e., the distance from supply level to level of bucket valve with the bucket 
in its highest position shm^ld not exceed this value. 

If = delivery head on pump in feet, i.e., height between bucket and 



Fio. 209.—SingU'-acUns l''nrce Pump. FlO. 270.—Single-acting Plunger Pump. 


outlet, the pressure head on upper side of bucket = iTj + feet, 

.’. Total head on bucket 

= '^a + ki — K— feet 
^ -j- h, = H feet, 

where 11 = total lift of pump. 

On the up stroke, then, water is lifted out at the top of the pump and 
tl)e tension of the pump rod is given hy W H A lbs., where 
* A = area of bucket in square feet. 

W = weight of 1 cubic foot of water = 62’4 lbs. 

(This neglects the resistance of valve^ and passages.) On the down 
stroke water escapes through the valve, from the under to the upper side 
of the bucket, so that all the work is done on the up stroke. 

By the addition of a closed top fitted with a stuffing box through which 
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the bucket rod works, the machine becomes a force pump for delivering 
water under pressure (Fig. 2(i9). The provision of a back pressure valve 
on the delivery side of the pump is now necessary to prevent the back¬ 
ward escape of the water oit the down or idle stroke. As thus arranged 
the pump may bs either vertical or horizontal. 

As pressures are increased, the bucket type of pump is found to be 
unsatisfactory on account of the difficulty in keeping the bucket and its 
valves tight and of detecting any leakage, and this led to the adoption of 
the Plunger Paiiq> (Fig. 270). Here the buckct ls replaced by a plunger of 



Fig. 271.-- Steam Driven Single-acting I’lnnger Pump. 


uniform section, all the packing being sup])lied from the outside and 
being easily replaced and examined. Li this type of pump, which may be 
efther vertical or horizontal, work is done on both strokes, suction-taking 
place on the out-stroke of the plunger, and delivery by plunger displp,ce- 
(pient on the in-stroke. The latter in general necessitates the greater 
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work, and as will bo noted the ram or plunger is in compression during 
this stroke. , 

If L = length of stroke we have :— 

Work done on suction stroke = A {ir„ — (7r„ — /(,)} W L foot lbs. 

• = ir /(, A L foot lbs. 

Work done on delivery stroke = IP //,; A L foot lbs. 

A separate valve box may now contain Iwth suction and delivery valves, 

and these become more accessi¬ 
ble for exaniinatioii and repairs. 

Pig. 271 shows a section of 
such a puui]> having a plunger 
diameter of tt2 inches, and a 
stroke of 5 feet. The valves for 
this pump ai'c situated on the 
sides and top of small hexagonal 
prisms instead of being arranged 
on a single [ilane surface. The 
l)iimp is directly driven by a 
steam engine and makes 40 
strokes per minute against 163 
feet head. 

So far, each ty])e considered 
has sidlered from the disadvan¬ 
tage that it only delivers water 
on alternate strokes. This diffi¬ 
culty is, however, overcome in 
the “ Jiucket and Plunger ” 
pump (Pig. 272). Here the piston rod of the ordinary bucket pump is en¬ 
larged to form a plunger of about hal; the area of the bucket,which it carries. 

Suction now takes place on the up stroke, and, if a and A are the areas 
of plunger and bucket, a volume of water — A L ie drawn into the pump, 
while a volume (.1 — o) L is displaced through the delivery valves. On 
the down stroke the plunger displaces a volume A L, and in consequence 
this volume passes to the upper side of the bucket. Of this the volume 
{A — a) L remains in the annular space between the barrel and the 
plunger, while the remaining volume a L is displaced through the delivery 
valves. 

Thus for equal deliveries on the two strokes:— 

{A -a)L = a L 

A = 2 a. 



Fm. 272.—liiickef and I’luTij'cr I’limp. 
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But if h, and are the moan suction and delivery heads, we have 
Work on up stroke = \V ( (.4 — a) /i,( -|<- A h,] L foot lbs. 

Work on down stroke =.11' {a h^\ L foot lbs. 

For equality:— 

(.4 — ii) /(,, -\- Ah =a h,i 

.1 (/(,, + /(,) =‘2 a /(,( 

a _ A,) + A, 

A - ,2 A, ’ 

which approxithates to as becomes largo compared with 

Where the pump is vertical, and the weight of plunger line great, this 
requires modification if the forces acting at the upper end of the plunger are 



Kio. 27S.-^isfoii and I’lnnjer I'uinp. 


to be equal on both strokes. In this case, if ll'j. = weight of plunger line:— 
Force to be exerted on ) ^ ^ ^ ^ ^ ^ ^ 

up stroke j ' 

Force to be exerted on ) ,, 

. =11 »oA„ -Ilplbs. 

down stroke j ’ 

For equality, 2 ll’j. = IF { (2 a — .“1) 1u “ A A,} 

= IF *1 'iuh,i-A (A,, + A,)} 


/. a 


Wr ,A(Ju + K) 
Wh^ 2 A, • 


The bucket valves may be eliftnnated while retaining the advantage of. 


uniform delivery or uniform work on both strokes, by the type of 


construction indicated in Fig. 273 and known ns the and Phmger 
pump. Here a solid piston is used instead of the hollow bucket. Suction 
takes place on the out-stroke, while at the same time a volume'(A— a) 
'L-is delivered. On the in-stroke, a volume LA is discharged through^ 
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the delivery valve, hut of this a volume = {A — a) L finds its way to the 
other side of the piston, (fnd the volume actually delivered = a L. As 

before, for equality of delivery on the two strokes, = 2. In addition 

to an equal delivery on each stroke, the further advantage of an equal 
suction OI^ each stroke may he obtained by duplicating the suction and 
delivery valves at each end of the bari’el as indicated in Fig. 274, each end 


becoming in effect a separate 
displacement pump. 

This, the Double Aeting 
type, may bo fitted either 
as a piston pump, having 
a packed piston and sleeve, 
or with a turned plunger 
working in an unpacked 
ring, both types being shown 
in Fig. 274. 

Foi' fairly low pressures, 
U]f to about 75 lbs. per 
square inch, either type is 
good, the piston pump giv¬ 
ing a slightly larger dis¬ 
placement for the same 
floor space. IVhere clean 
water is to be pumped, the 
unpacked jduiiger type, 
however, is advantageous 
on the ground of its reduced 
friction. 



a" r—Section of 12-inch T)n|ih?x riunger and Ring, 


A short fitting ring is or I’Won IWp : l(l-i«ch suction ; 8-inch delivery , 
, .. , , 1 12-inch stroke, lor iiressures up to 100 lbs. pel 

used, easily renewable, and 
the ease of refitting such a 

ring compared with that of re boring a piston barrel renders its use advis¬ 
able, Inhere the condition of the liquid to be pumped permits. In eithei 
ease the work done on the two strokes is practically the same. 


For very high pressures, or where the water contains gritty matter in 
suspension, the piston, liucket, or internally packed plunger pump if 
unsatisfactory, and the type known as the Dotihlc-Acthig Outside Packeo 


Plmiger pump becomes more suitable. 

Here again the pump discharges a volume A L from one end of thf 
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•barrel ami admits an equal volume (neglecting the volume of the plunger 
rod if this is used) at the other end of each stroke. Fig. 27.'5 shows a 
direct steam-driven pump of this type having centre-packed plungers, 



and designed for 80 strokes per minute, with 10-inch plunger; 12-inch 
stroke; 18-inch steam cylinder; 10-ineh suction and 7-inch discharge pipes. 

Fig. 270 shows an outside end-packed plunger pump of this typo, 
suitable for moderately high pressures, the two plungers carrying cross¬ 
heads which are connected by side rods, while Fig. 277 shows a similar 



Fig. 27(5.—Double-Actinj? Duplex Outside End-racked Plunger ^Fuinp: C-inch 
plungin'; 12-jnch s*eam cylinder; inch stroke; 6-inch suction; 4-inch 
delivery; 80 strokes per minute; up to HOtl lbs. jtcr 8qaai*c inch. 


pump as constructed for the highest pressures. This latter pump^has a 
separate valve box for each end hf the cylinder, the construction of the 
Sralves (which are 1 inch in diameter) and of the valve box, being 
shown in Fig. 278.® 

!'■ 

* By courtesy of the Duflfalo Steam Pump Company. 

277 and 278 are inserted by courtesy of tlio makers Messrs. Henry Berry & Oo., 
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Deep Well Pumps—Where pumping operations are necessary in a deep 
well or bore hole of small diameter, the ordiiwy lift pump with separate 



Fig. 270.—Single-Acting “Ashley ” Bore-Hole I’ump. 


foot valve is at a dis¬ 
advantage because of 
the great difficulty 
which is e’.perienced 
ill raising and replacing 
this foot valve should 
it become choked or in 
any way out of order. 
To obviate this diffi¬ 
culty the “ Ashley ” 
pump, Fig. 279, carries 
both suction and de¬ 
livery valves in its buc¬ 
ket, this being readily 
withdrawn for exami¬ 
nation through the 
rising main. . • 

The hucket R, which 
is open at its lower 
end, reciprocates in the 
working barrel 1F.7>’., 
which is closed at the 
bottom. The sides of 
this barrel are pierced 
by orifices iS'.O. through 
which the surrounding 
fluid is admitted to the 
under side of the suc¬ 
tion valves iS'. F. On 
the upward stroke of 
tlie pump a partial 
vacuum is formed in¬ 
side the bucket, ani 
water is drawn through 
these valves to fill the 
space inside and below 


ihe bucket, while the water above the hucket is forced up the risin^main., 
ifbn the downward stroke the delivery valves D.V. open, and the water 
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the body of the bucket is transferred to its upper side to be pumped to 
the surface'on the suceeodiiig stroke. A double-acting pump of this 
type is also on the market. 


AiiT. 160.— Pomp Valves. 

The valve area should bo so designed as to allow of a mean velocity not 
exceeding 4 feet per second. For low pressures these valves usually 
consist of rubber or composition discs (Figs. 274, 275, 280 a and h), 



Flo. 280.—Tjiiiis of Pump Valve. 


working against a perforated grid, and are either spring loaded or 
automatically return to their seats in virtue of their own elasticity, 
together with the pressure of water above them. For moderate speeds 
and pressures these are very satisfactory. 

At high pressures, however, the discs quickly become indented, and 
some form of metallic valve becomes essential. Fig. 280 c shows a 
double-beat valve of this type. These valves may be spring loaded, or 
may return to their seats by their own weight, and so long as the speed is 
moderate are satisfactory. 
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The ordinary disc or double-beat valve suffers from the drawback that 
the kinetic enei'gy of the discharging streams Is of necessity dissipated in 
the shock accompanying the sudden change in the direction of flow. The 
Haste and the Gutermuth valves are interesting examples of designs 
intended to obviate this source of loss. The 
action of the former is obvious from '"the sketch 
Pig. 281. 

The Gutcrranth valve (Fig. 282) is formed 
from a single she,et of special bronze, either of 
the same thickness throughout or, in large 
valves, having the end forming the valve 
thickened. The sheets are slightly wider at 
the coiled end to prevent fouling, and are 
slipped oil to a grooved spindle and clamped 
to the valve seat cones at the required tension. 

The valve is always placed at an angle with 
the port opening, and the latter thus becomes 
uncovered with a very small movement of the 
valve itself, while no such abrnpl changes in 
Fir,. 281. n.-istc Valve. .til® direction of the escaping stream are neces¬ 
sitated as in the case of disc or mushroom valves. 

The automatic or self-clos'ing valve, while simple and satisfactory for 
low velocities, possesses several .disadvantages which lend to reduce its 
suitability for Jiigh speed work.^ 

In the first plabe, with automatic suction valves, the difference of 


41 

Fio. 282.—The Gutermuth Valve, 

pressure below and above must'be sufficient to lift the valve, and with 
a heavy valve this appreciably diminishes the possible suction lift. A' 
light valve, by coming slowly to its seat at the ind of the stroke, enables 
water to leak back into the suction jnpe, since, although theoretically 
the valve is on its seat’when the piston is at rest, actually this is not | 
% any means the case except at slow speeds. The same thing apphes oitj 
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the delivery side. Also considerable shook takes place when these valves 
close, this shock being dug, not only to the valve itself dropping suddenly 
to its seat, but also to the fact that a large mass of water partakes of the 
return motion. 

The violence of the shook depends on the kinetic energy possessed 
by the '^Ive and accompanying water at the instant of closing, and 
will therefore increase with the weight of the valve, with the mass of the 
accompanying water, and with the maximum distance of the valve from 
its seat, since the latter factor will determine the velocity of closing. 

The mass of water accompanying the valve is found to be proportional 
to the mass included between the valve and the water level in the 
corresponding air vessel, so that to minimise this effect, the difference in 
level between valve and air vessel should be reduced as far as possible, 
while the lift of the valve should be as small as is consistent with ample 
inlet and outlet areas. 

With self-closing valves, the lift may be reduced either— 

(1) by increasing the weight of the valve; 

(2) by increasing the spring loading of a light valve ; 

i(3) by limiting the lift by stops ; 

(4) by increasing the number or diameter of the valves. 

The first method, white reducing the lift and giving a quicker closing 
effect, increases the hydraulic resistance; while the increased weight of 
the valve is in itself productive of shock. On the other hand, a light 
valve is more subject to vibration while opening or closing, and this may 
cause large oscillations of pressure in the pipe line. This tendency to 
vibration increases with the speed of the pump, and diminishes with an 
increase in the delivery pressure. On the whole, however, the balance 
of advantage lies with the fairly light spring-loaded valve. 

The method of limiting the lift by stops is decidedly unsatisfactory, as 
giving rise to oscillations of the valve, and hence of the pressure in the 
pipe line. ^ 

The best method is to increase tlie effective valve area by an increase 
in the nhmber or diameter of the valves. In the ordinary disc valve 
(Fig. 280 a and b), 

* If r = radius and I ac lift of valve, 

the area of valve seat = t (neglecting the effect of guides, etc.). 

But the effective vake area is the ^area of the cylindrical surface 
generated by the perimeter of the valve during its lift = 2 ir r f. 

The most effective lift is thus obtained when these values are identical, 
i.e., when— 
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2 TT »• i = IT 7^ 

■■■'<■ ■ 

It follows that, in order to take advantage of the available valve seat 
area, it is impracticable to use very large valves, since for a given lift the 
effective discharge area varies as the diameter of the valves,^:Aile the 

5 

valve weight varies more nearly as Also if the lift were made equal 

to ,T, this would soon become excessive. Because of this, small valves 

should be used, with a lift giving a discharge area approaching that of the 
Valve seat, and for high speed pumps modern practice is opposed to the 
use of disc valves of more than about 3 inches diameter. Where double 
beat valves are used this may be increased, but in no case should the 
valve have a lift exceeding | inch. 

Valve Leakage and Slip.—A further point to be noted is that slip, or 
leakage past the valves while closing, is proportional to the mean effective 
opening of the valve; to »/ h, where h is the head on the valve; and to 
the time of closing, t. Generally we may take t as proportional to 

Jl. 

If, then, a number of small valves replace,a single large valve of the 
same effective discharge area, the slip will be reduced, since to get the 
maximum discharge effect Ihe lifts of the valves must in every case be 
proportional to their diamete^ and this lift, and therefore the time of 
closing, w’lljbe greater with the larger single valvo. 

Thus, whereas the slip past n valves of diameter d is proportional to 

n d^, that past a single valve of the same effective discharge area, and, 

1 8 I 

therefore, of diameter D where D = d tj~n, is proportional Uihr d n , sc 

that by increasing the number of valves to n, the leakage is reduced in the 

n 1 

ratio -j = i. 

TT 'nr 

E.g., where n = 4, the leakage is equal to -^ = '707 times that found 

4^ 

with a single large valve. 

Abt. 161.—High Speed Reciprocating Pumps. 

Owing to the length of time necessary for an automatic disc valve to 
close, and to the irregularities in its action produced by inertia effects of 
Hte water in the supply and delivery pipes, a high rotative speed isj 
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impossible witli a reciprocating pump fitted with this type of valve, and 
it becomes, necessary to pse a long stroke, slow rotation pump, giving 
ample time for the valves to come to rest at the end of each stroke. With 



this type of pump, and until comparatively recently, the maximum 
attainable piston speed was about 100 feet per minute at about sixty 
revolutions per minute. 

By paying special attention to the design of valves and water passages 
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it has, however, become possible to adopt much higher speeds, even with 
automatic valves. 

One modern type of high-speed pump which has proved itself capable 
of excellent results is the G'utermuth (Pig. 283).* The illustrations show 
a sectional plan and elevation of one of a pair of three-throw pumps of 
this type, having plungers 6| inches diameter by 16 inches stroke and 
delivering 1,000 gallons per minute against 750 feet head at 180 revolu¬ 
tions per minute. Each pump is driven from a 275 H.P. three-phase 
motor through a flexible coupling. The design is very compact, the pump 
bodies being mounted on a suction air vessel of cylindrical form, which 
also acts as a liedplate. On this air vessel is cast a branch flange for 
connecting up to the suction main. On top of one of the pump bodies 
is bolted a delivery air vessel, having flanged branches to connect to the 
pump bodies, and with the end flanged to connect to the retaining valve 
on the delivery main. 

The connecting rods are of cast steel with marine type babbited ends 
or the crank pin, and gun-metal wedge adjustment boxes for the cross- 
head end. The plungers are of gun-metal, and are supported in gun-metal 
bushed glands and neck rings. 

Forced lubrication is fitted throughout, while the two delivery air vessels 
are supplied by an independent electrically-driven two stage air charger of 
the Beavel type, the compressor being capable of compressing 5 cubic 
feet of free air per minute to a pressure of 350 lbs. per square, inch. 

The valves, which are of the (ji<ltermuth type and are perhaps the most 
interesting part of fhese pumps, are contained in cylindrical bronze valve 
seats, each pump having one set for suction and one for delivery. These 
are held in place and tightened by means of wedges which are readily 
acc^sible when the valve covers are removed. 

. The sectional end view of Fig. 283 shows very clearly the straight and 
unobstructed pastfages offered to the water in this type of pump. 

Frictional losses are thus low; the lightness of the valve and its small 
opening tend to reduce shock on closing; and the possible speed of rotation 
is correspondingly increased. 

The high speed at which these pumps can be run, as a direct result of 
the valve action; permits of a dosign which takes up considerably less 
floor space than the ordinary slow running pump, the actual overall length 
being, in this case, 11 feet 8 inches X 8 feet 6 inches. It also allows.the 
pump to be direct connected to the motor, which, though adding somewhat 
to the expense of the latter, does away with transmission gears which, are 

iy oautteay at the manufauturers, Messrs. Freser a Chalmers, Ltd. 
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usually noisy and troublesome, and which, under the most favourable 
circumstances, in a pump of this size, would reduce the efficiency by from 
8 per cent, to 4 per cent. 


For very high speeds, however, the automatic valve, even though well 
designt^beoomes unsatisfactory, and mechanically operated valves are 


necessary: 


By their substitution uncertainty as to the exact time of closing is 
avoided, more uniform closing is effected with less accompanying shock, 
and by this means, and by careful design of the valves, tlu, speed has been 
increased until piston velocities of 600 feet per minute at 300 revolutions 
per minute are now easily obtained with almost entire absence of shock 



This increase in speed permits of the pump dimensions l)eing reduced for 
the same duty; gives a smaller delivery per stroke, and hence reduces the 
liability to shockwhile the possibility of a more uniform flow in both 
supply and discharge pipes tends to'the same end. 

Fig. 284 shows the construction of the pump barrels, rams and valves 
of a tyge of high-speed pump designed by Professor Piiedler, this particular 
pump being designed to deliver 375 gallohs per minute against a head of 
500 feet. It is a two-throw pump having rams 6| inches diameter by 
9 inches stroke; runninght 200 revolutioas per minute and driven by an 
electric motor of 75 B.H.P. ruiming at 500 revolutions per minute. 

The outer end A of the working cylinder ]{ forms the seating of the 
delivery valve, which consists of two annular brass rings, Ci and Cj, let. 
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into a gun-metal frame C. This valve is kept up to its seat by means of 
the cylindrical indiarubher spring T), the compression of wHich may be 
adjusted by means of the bolt K, while leather sealing rings are also 
provided to ensure its efficient action. 

The inner end of the working cylinder carries a gun-me|d guide 
ring F, in which works the annular suction valve G. This valve is con¬ 
structed with a wooden face let into a channel section annular brass ring, 
and its range of opening is limited by the rubber ring 11, let into the 
guide ring F. 

The ram 11 passes through the suction valve, and at its inner end 
carries a buffer stop <S', which mechanically closes the auction valve at the 
end of the outer or suction stroke. Shock at impact is minimised by the 
provision of cylindrical rubber springs at J and K. A series of removable 
brass' liners L between the ram and the buffer permit of the latter being 
adjusted so as to take up any wear in the buffer itself or in the suction 
valve. 

The delivery valve is thus automatically regulated, while the suction 
valve is mechanically operated only so far as affects its closing at the end 
of the suction stroke, this valve being l)oth opened and closed on the out- 
stroke of the ram. On the in-stroke, water is delivered against the 
resistonco of the delivery valve into the annular chamber M, from which 
it flows away through the pipe N into an air vessel and away to the 
discharge. The chamber M is ^ted with a starting valve at 0, 2 inches 
in diametpr.^'O that in starting the pump the pressure may be relieved 
and the pump started light. The small spindle valve i’ allows of water 
passing from the chamber M into the working barrel, so that if for any 
catB^e sufficient water cannot enter through the suction valves, more water 
may be allowed to enter through the valve P, so as to enable the pump 
to run .without shock. 

A small compound air pump, having a high pressure plunger IJ inches 
diameter by 1'8 inches stroke and . a low-pressure 'plunger 8 inches 
diameter by 2'7 inches stroke is provided, and is worked directly from 
the crank shaft of the main pump, exhausting air from tlie suction air 
vessel and discharging it into the delivery air vessel. 

Should the air supply in the suction air vessel be insufficient, more may 
be admitted through a small valve; while should the air pump deliver too' 
^eat a supply, the surplus air can be let out of the delivery air vessel 

.^Tests carried out on such a pump as described,* showed a conAined:- 

• > By Mr. .Ji hn Morris. See a paper on the “ Unwntering of the Achddu Colliery.’’. TniM.? 
tnstiOf Mining Engineer^, VoL 30, part 2, p. 131. 



EECIPROCATING PUMPS 



Fig. 286.—Oddie-Barclay High Speed Kam Pump. 

valves mechanically operated from a wrist-plate driven by an eccentric on 
the main shaft, as shown in Fig. 286. 

Fig. 286 shows a section through an Oddie-Barelay high speed ram; 
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^Waig, having mechanical control to both valves. Tests of such a pump,* 
having a differential ram 5 inches and 7^ indhes dimeter fy 9 inches 
stroke, when running at 156 revolutions per minute showed a mechanical 
efficiency ranging from 82 to 8G per cent, as the head increased from 620 
to 1,050 feet, with a discharge coefficient of '96. * 

Am. 161a.—Hydeaulic Rkcipkocatino Pumps. 

Where a high pressure water supply is available, the hydraulically 
operated reciprocating pump has been extensively adopted for pumping 
water for domestic or other purposes and for pumping sewage. Such a 
pump is illustrated in Pig. 287.’ This is driven by two double-acting 
hydraulic cylinders placed one on each side of the pump body casting to 
which they are attached, the two plungers P P and the pump rod li being 
connected to.the same crosshead. The pump is operated by moans of a 
piston valve in the valve chest V, this valve being worked from the cross¬ 
head by means of the tappet rod T and lever L shown. 


Am. 162. —Displacement Curves. 

Discharge Coefficient.—In the theoretically perfect pump the action 
would be simple. On the suction stroke the delivery valves would be 
tightly closed while the suction valves would open, admitting sufficient 
water to entirely fill the barrel. At the commencement of the delivery 
stroke these valves would imnrffi'diately close, while the delivery valves 
would ope'n, ftnd a .volume of water equal to the plunger displacement 
would be discharged. In practice, however, owing to the fact that the 
valves do not instantaneously close, and because of leakage past the 
plunger, etc., the volume delivered is not in general equal to the plunger 

displacement. The ratio .discharge, termed the discharge 

ooeffloient, varies with the type, speed, and condition of the pump, but 
with moderate speed pumps in good condition and of good design lies 
between '94 and '99. With high-speed pumps the modifying effects of 
the inertia of the suction column may be such as to givfc a discharge 
greater in volume than the piston displacement, the exce.ss amlfiinting 
in exceptional cases to as much as 50 per cent. This effect will be 
considered in further detail at a later stage. . 

If a curve, having piston velocities as ordinates be plotted on a time 


* Mechanical Engineer. Jane 26,1908, p. 811. 

^ By cour^sy of the Hydradic Engmeeriog Co., Ltd., Chester. 




i’lG. 287.—^Hydraulically operated Reciprocating Pump. 
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base, the area included between the curve, the base line, and any two 
ordinates, will measure to some scale the volume displaced by the piston 
in the corresponding interyal of time. The curve so obtained is termed a 
displacement curve. Thus, il 0 Q and Q P represent the crank and 


/ 



ACE 


Fio. 288 a.— Displacement Curve for Sinf^le^Cylinder Single-acting Pump. 

connecting rod of a pump for a given piston position, and if P () be 
produced to meet the perpendicular 0 C to the line of centres in C, then 
0 G represents the corresponding piston velocity to the scale on which 
0 Q represents &> r the velocity of the crank pin. If a series of such * 
points as Q are taken at equidistant intervals on the crank circle, and the 
corresponding values of O C found, the displacement curve may then be 
plotted as in Figs. 288a-d. - Here Fig. 288a represents the curve for a 





FlO- 288 b.—C urve for Pair of SiDgle-actiog Cylinders with Cranks at Right Angles. 

r 

single-barrel single-acting pump having a connecting rod four cranks in. 
length, A C representing the time to perform httlf, and A K to complb'te a 
reTOlution. . ’ 

'The area ABC now represents the displacement of the pumf> per 
'revolution, while C E represents the idle stroke. 





DISPLACEMENT CURVES 


If f’ G be drawn parallel to A E, bo that A F represents the mean: 
relocity of th*e piston, the aifea A F G E = area A B G. 

Similarly, Pig. 288b represents the displacem nt curve B T) B' C E, 
for a pair of single-acting pumps having cranks at right angles and 



drawing from and delivering into a common main. Here .1 B 0 and 
A' li' C are the respective curves for each piston, and these are com¬ 
pounded by adding ordinates so as to give the displacement curve. The 
itrea A F <1 K is now equal to the sum of the areas A B C and A' B' C, 
or to the whole area A B D B' (!'. 

Again, Pig. 288c, obtained in a similar manner, shows the curve for a 
pair of double-acting pumps having cranks at right angles, F G again 



Fi&. 288 d.—D isplacement Curve for Three-Throw Single-Acting Pump 
with Cranks at 120°. 


representing the mean velocity line. Hdre H K represents what would 
be the mean velocity line for a single double-acting pump. 

Similarly, Pig. 288d ^presents the curve for a three-throw pump 
having cranks at intervals of 120°. 

It will be noted that as the frequency with which the pumps discharge 
per revolution increases, the range of velocities in the discharge and 





604 


HYDRAI3LIC8 AND ITS APPLICATIONS 


suction pipes decreases, and also the rate of change of this velocity, i.e., 
the acceleration, and the smoothness of working in' consequence 
increases. 

The following table indicates how this velocity changes:— 



Katio of Maximum 

Type of Pump. 

to Mean Velocity 
in Discharge Pipes, 

Single cylinde', single-acting. 

3-24 

Two single-acting cylinders, cranks at right angles . 

2'17 

Single cylinder, double-acting. 

1-62 

Two double-acting cylinders, cranks at right angles . 

1-11 

Three-throw pump, crank at 120“ f 

[ double-acting 

1-09 

1'05 


As will be readily, understood, the varying velocity and acceleration in 
the supply and discharge pipes—particularly in thesupply pipes—produce 
a tendency to water hamiuer. 

So long as this hammer is prevented, either by suitably enlarging the 
pipes ; by reducing the maximum piston velocity or acceleration ; or by 
the provision of air vessels on suction and delivery pipes, the action of a 
pump may be predicted very^curalely from theoretical considerations. 
Once water hammer is set up so many factors combine to influence the 
result, and the subject presents such difficulties of treatment that, except 
in simple cases, no satisfactory attempt can be made to deal with the 
matter analytically. This is, however, less important, in that water 
hammer is not, under any conditions, admissible in a pump, and while its 
'effect may be impossible to predict with any degree of accuracy, save in 
the most simple cases, the steps necessary to prevent its occurrence are 
well understood. 

The following demonstration may be relied upon as giving results 
which are substantially correct so long as the pump is working without 
shook. 

Art. 163.—Variations of Pressure in the >Cyi.inder of a Sinole 
Cylinder Pump without Air Vessels. 

“ For the water in the suction pipe to follow and maintain contact with 
the- piston throughout the suction stroke, this column of water mutfli, 
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receive an acceleration at the commencement of the stroke, the magnitude 
of the acceleration being givc^i hy— 

A , 

a - “ f.s.s. 

«» 

where a = piston acceleration in f.s.s, 

.'I = piston area in square feet. 

a, = area of suction pipe in square feet. 

The force necessary to give this acceleration can only l)o produced by a 
difference in pressure at the two ends of the suction pipe, and varies as 
the mass of water in the pipe and as its acceleration. Expressed sym¬ 
bolically we have — 

ir A 

Force necessary to produce acceleration = — 1„ a,. — a Ihs. 

9 «> 

If the pressure difTercnce at the two ends of the pipe corresponding to 
this force is p' lbs. per square foot— 

W 

p’ a, = — I, A a lbs. 
r_^V, A 

• • P — ^ P®*' square foot. 

If at the same instant the piston velocity is v f.s., for continuity of 
flow we have r, = r ; and the loss of pressure due to friction in the 


supply pipe corresponding to this is given by 


»_ ir./7, r/ _ ir,/7„ , 


P = 


2 (/ m 2 (/ III a 


2 f’* lbs. per square foot. 


.•. Total difference of pressure at the inlet and outlet of the auction 
pipe is given hy :— 


1,11 ^ , 
P+P' = P= ,, 


a + q\~ 1’^ [ ihs. per square foot. 


Or, expressed as a head “ h ” in feet of water, 
? A I, i , f A , 

, fi a, 2 m a. 


feet. 


where a is positive or negative according as the piston is being accelerated 
or retarded. , 

Now the head actually available to produce this flow is strictly limited, 
the higher pressure—at the pipe inlet—bqjng that corresponding to its 
depth of immersion together with that of the atmosphere, while the lower 
limit of pressure is theoretically that corresponding to an absolute 
vacuum, although in practice it is impossible to obtain this degree 
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of exhaustion in the pump. If the level of the pump is above that 
of the suction reservoir so as to give a suction lift of A, feet (Fig. 
289), the available head is correspondingly reduced, and has a maximum 
theoretical value of (v„ — A,) feet, where is the height of the water 
barometer. 

Thus, for continuity of contact between piston and water op -the suction 
stroke, we must have:— 


A, > 


A I. 

< 1 «. 


“ + i; 


fA. 


2 III. ff. 


feet. 


( 1 ) 


Should this condition not be satisfied the piston leaves the water at 
some point—usually at the beginning of the stroke, since here a has its 



,;^aximnm value—the action being termed Separation or Cavitation. So 
long as this state of affairs exists, the pressure behind the piston is 
, uniform, bein^ that of water vapour at suction temperature, and in con¬ 
sequence the w'ater flows along the pipe with an acceleration which is 
uniform, except for the increasing effect of friction as its velocity increases. 
The piston acceleration is, however, continuously diminishing, so that 
the water overtakes the latter at some point before the comjiletion of the 
stroke, the meeting being usually accompanied by considerable shoo)t, 
while pressures considerably'in excess of those corresponding to tlue 
statical head are produced. 

' Separation may also occur between the delivery column and the-piston 
■during the second half of the delivery stroke, when the pistoii^iA being 
’retarded. Thus if — a is the magnitude of this retardation, the head 
ne^ssarj to produce the retardation in the delivery column is given 
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dd 0 
have 


a feet, so that to prevent separation during this stroke we must 


I , ^ ^ ^<1 ( 


“ <id <1 \ ^«.( ) 

A^otr.-^nee during the latter half of the stroke the piston is being 
retarded (— a) is a positive quantity. 

Where the pump is driven from a shaft rotating with uniform angular 
velocity w radians per second, by means of a crank of radius r, assuming 
the connecting rod to be of infinite length:— 

f a = ( 0 *' )• cos 6 f.s.s. 

(r = CO r sin 6 f.8. 

where 6 is the crank angle, measured from the inner dead centre, while 
with a connecting rod of length / these expressions become : - 


cos 6 + 


)• P cos 2 0 + sin *6 


1 (P - sin Wf 

( sin 2 6 ^ 

” = i ““^+ 2V/“-r^sin“0| 


giving a the maximum value r | 1 ± | according as the crank is on 

the inner or outer dead centres respectively (t.r., according as B = QP or 
180“). 

Neglecting, for simplicity, the effect of the oblicjuity of the connecting 
rod, and therefore assuming the piston to have simple harmonic, motion, 
thn maximum velocity is given by cu r, while the maxihiura acceleration 
= i>? r, and therefore for a given displacement the acceleration is com- 
■paratively reduced by making the stroke of the pump large and the 
angular velocity of the crank, or the number of strokes per minute, low.. 
This enables a higher piston speed to be adopted, since frictional effects 
are usually small compared with those due to acceleration. 

Substituting for« and v in terms of the crank angle 6, equation (1) 
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as the critical velocity, above which separation will occur on the suction , 
stroke. 

Similarly, substituting in equation (‘2) we obtain;— 


^ _ a ,/ '■ Sin 


cos 6 


) 


•2 III a,I 


(4) 


as the velocity, above which separation occurs on the delivery stroke. 

Here 6 is in every case measured from the beginning of the stroke, so 
that cos 6 in the latter expression is negative. 

Putting iTa = 34 feet, and writing 0 = 0 in equation (3):— 

= {84-/(.} (5) 

is the limiting speed at which separation will occur at the commencement 


of the suction stroke. Since m = 


‘2 V N 
^0 ' 


(where N = revolutions per 


minute), this becomes;— 


N = 


30 

TT 



(34 - h.). 


( 6 ) 


With a finite connecting rod of length I, we have 




rAI. 


34 - ^ 
r 


1 + 




(7) 


The action may lie shown graphically as follows 
In Pig. 290, 0 O' represents the atmospheric pressure line, and, 
assuming simple harmonic motion, ordinates drawn to the straight line 
AHA' represent the head necessary to accelerate the water column in 

Ihe suction pipe. Then 0 A = O' A'> — “ • Vertical ordinates, 

set off from A JI A' as base line, to the curve A B A', represent the heads 
necessary to overcome frictional resistance, zero at the ends, and having 
flA^ <0^ 

a maximum value — —».-, at the middle of the stroke. 

2 g a‘ m ' 

The vertical'ordinates of the shaded area then give the differences ot 
head between the two ends of the suction pipe due to friction and inertia,, 
these being negative or positive, according ais ordinates are measured 
below or above 0 O'. 

If now C C be drawn at a distance below O O’, representing thaavaUv 
able. head (34 —it,) feet, the ordinates of the curve A BA', measures 
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from C C as base line, give the effective pressures in the suction chamber, 
expressed in feet of water. * 

If the suction head be increased so that ChB represents 34 — h, feet, 
separation will occur at the commencement of the stroke, since the 
available^liead is now insufficient to give the necessary acceleration. At 
D" the hea^ becomes sufficient both for this purpose and to overcome 
frictional losses, while at'some point X, the acceleration of the water 
remaining approximately constant while that of the piston is continually 
diminishing, the water overtakes the piston and knocking occurs. Up to 



Fi(j. 21)0.—Thcorciical Diafjram of Piston Pressure during Suction Stroke 
of Ikcipi-ocp'-ing Pump. 


this point the pressure behind the piston is constant, and has a negative 
value equal to 0 IMn feet of water. , At the shock, violent oscillations of 
pressure are»set up as represented by the dotted lines and the most that 
theory can do hi this case is to indicate the maximum pressure to be 
expected «nd the means of reducing this. , • 

Under normal conditions of working, the maximum pressure attained 
on the suction stroke is lesij than the delivery pressure 0 F. 

■I If, however, this latter pressure be reduce'^, as for example to 0 E, the 
suction pressure becomes equal to this at the point E", and for the 
remainder of the stroke discharge takes place through the delivery valves, 
the pressure remaining constant and following the line«E" E’. 
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The coefficient of discharge now becomes greater than unity. Its 
value may be deduced since the area A' E" E' represents the work done 
in pumping a volume of water v cubic feet against a head0 L') 
feet. 

..u arep:4ii"E' 

The area A E" E' thus represents 62'4 v foot lbs. .". v — i,^ — 

The scale to which this area is to bo measured is given by the product of 



' Fia. 290 a. -Piim]) Diagram showing delivery during Suction Stroke. 


the^scales to which ordinates of the diagram represent heads in feet and 
absciss® represent pounds of water. 

’ The.Coefficiept of discharge = 1 + y where V is the piston dis¬ 
placement per stroka 

Assuming simple harmonic motiop, the area A' E" 7" may be calculated 
analytically. In more complicated cases, it is preferable to measure it by 
planimeter. 

Where an actual diagram ip to be estimated (Fig. 290a), th«- suction'^ 
head curve A B E" may be produced by hand with fat accuracy to A', 

. and the area then measured. , 

Since, at the speed at which separation occurs, water hammer raises the 
pressure towards the end of the suction stroke by an abnormal amount, it 
' is to.be inferred that about this speed a sudden increase in the discharge' 
epeffioient' wiU taJie place. This inference is justified by the results -Ol,:,! 
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experiments by Professor John Goodman, the increase in this coefficient 
at the knocking speed in* his pump, varying from 68 per cent, with a 
delivery pressure of 10 lbs. per square inch k 5 per cent, with a pressure 
of 70 lbs. per square inch. 

Although this increases the capacity of the pump, yet, as might be 
expected, "its efficiency is lowered, due to the increased losses by shock. 
The experiments showed that in this particular pump an increase in the 


F F 



Fig. 201. —Theoretical Diagram of Piston Pressures diiriog Delivery Stroke of 
• Jieciprocating Pump. 

discharge coefficient from 1'059 to 1'517, was accompanied by a decrease 
of 10 paf cent, in the efficiency. 

A theoretical pressure diagram for tlie delivery side of the pump is 
shown in Fig. 291, where, however, the line A' H A, representmg the 
acceleration pressure, has’been drawn to'take jnto account the effect of 
the obliquity of the connecting rod. 

Also, since frictional resistances now increase the head on the piston, 
the friction line A' B A is drawn below the acceleration line. ■ 
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If 0 F represents the delivery head /i^, the total haad on the piston is 
given by the ordinates of the curve A E" B 1', measured from F F as 
datum. '' 

If 0 £ were to represent the delivery head, the pressure would become 
negative on passing the point E" and the suction valve would op^ giving 
suction on the delivery side of the pump. At high speeds, an(?with self- 
closing valves, this valve action becomes very irregular, delivery often 
occurring during the major part of the suction stroke and suction during 
the delivery streke.* 


Art. 1C4.— Rise in PnEssuns following Separation in a Pump. 
During separation the accelerating force on the suction column 


= IF o, - h, 


ht] lbs., where k/ is the head necessary to 


overcome friction and therefore depends on the velocity, and k( is the 
■pressure in the cylinder due to vapour tension and to air leakage. 
Neglecting the effect of friction, the acceleration in pipe line 
_ ff W a, j V — h , - h , 1 _ (j (v„ - 
Wl,a, ‘ “ 1. 

Acceleration of water sur-1 _ (v„ — h, — lit) 
face in cylinder ] ~ 


:^)f.B.s. 


^.1 J! 

-r f.S.fl. 


If the water overtakes the piston at a distance x feet from the beginning 
of the stroke, the time taken ta the water surface to cover this distance 
under its constant accelerating lorce must equal that taken by the piston 
to cover the same apace. 

.^lie former of these times is given by T = sj - 


- k/- kT 


since, with uniform acceleration. 


2 space 

’ acceleration' 


Assuming S.H. motion, the time occupied by the piston to cover the 


’ same space is given by ^ seconds, 
where a: = r (1 — 


or 


' = cos 


cos ff) (Fig. 292) 


Equating these times: 
1 


cos 








> ^or a series of diagrams showing this action reference maj be made to 
•GooiJmtfn’B paper. P»c. Inst. Mecb. Engineers/’ 1903. 



SEPARATION'!N A PUMP 


ei8 


1 -■ 


v ; 


•A X L A 


an equation from which x may be obtained by trial. For purposes of 
calculation hf may he taken as sero. An attempt to include the effects of 
frictioiAand of a finite connecting rod groatly complicates the result unless 
/i/be tak^ to he constant and to have 
a value corresponding to the mean 
velocity during the period of separation. 

By this means a close agreement with 
experimental results is obtained. 

The above formula has been applied 
to the case of a pump described by 
Professor John Goodman* and having 
the following dimensions :— 


f = 1-83; h 


: 63 feet; r = ‘25 feet. 



In this particular experiment the 
pressure in the suction valve chamber 293 . 

was measured, the loss of head due to 

height of suction, to friction, and to air tension, being approximately 
S'O feet, making— 

(ja — — hf— hi) = 20 - 0 . 

The revolutions per minute were 70, making <0 = —— = 7‘33. 


The equation then becomes:— 

^ 126 X l- 8 ir 

V ■ n., 


60 


cos 7-38 


X = 1 — 4 » 


32 X 26 

or cos 3'86 V x = 1 — ix 

giving a value of x = '47 feet; 

•47 

i.c., knock takes place at = ‘O-l of the stroke. 

The indicator diagram, of which Fig. 298 is a copy, shows this to occur 
at about ’95 of the stroke. 

The Velocity of the water column immediately before* impact maybe 
deduced from the equation 


1 -j. _ A / 2 X acceleration X s'pace qpvered under this ^ ^ 
* acceleration 


• “Proc. Inst Mech. Engineers,” 1903, part 1 (Pjl43). 
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And since this effective space = x this gives 


velocity 




■ >>/ - Ih) A , ^ 

— -. X -- feet per second. 


while the piston velocity = 


(0 r sin I 


— uir V 1 — coaW 
= ‘» »J ^2 — *j x )■ feet per second. 


After impact the mean velocity of the supply column becomes equal to 
that of the piston multiplied by —. 

____ 

Change of velocity at impact ^ ^ 

= Vj. feet per second. 

If this change of velocity be assumed to take place instantaneously, the 
increase of pressure duo to water hammer is given by (iSY lbs. per 
square inch (p. 235). In the example previously considered, taking x — 
•47, we have 

Change of velocity at impact 

= \/- 1’83 X 7-33 X x/'-r2 X '12 
’ ()3 

, = 4-76-1-61 

= 3'15 f6et per second. 

.•. Water hammer pressure = 3'15 X G3’7 lbs. per square inch 
^ = 201 lbs. per square inch. 

.In addition to this we have the pressure necessary to produfce aretarda- 
A 

lion ai“ cos 6 - 'feet per second per second in the supply column. 

. • 

A (l-®lx IFo.L 

This pressure =- "J'TTr '—~ P®’’ square inch 

O’) X |7 ^ ^ 44 dj 

_ (7-88)2 X -26 X 1-83 X ‘88 X 62-4 X 63 
‘ 32 X 144 

= 18'6 lbs. per square inch. 

On taking into account the obliquity of the connecting rod, this becomes 
.23 lbs. per square inch. 

» The total pressure which may be attained at impact (provided this 
pressure is not sufficiently great-to lift the delivery valve), is then givea' 
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by the sum of the water hammer and the retardation pressures, and is 
219 lbs. pel* square inch. » 

By extorpolation from the curves showing the results of the experiments 
under consideration, the actual pressure at this speed would apparently 
vary from about 115 lbs. per square inch with a delivery pressure of 
20 lbs. ptj s(]uare inch, to about 195 lbs. per square inch with a delivery 
pressure of 60 lbs. per squiire 
inch. This is a result which 
might have been inferred, since 
directly the delivery pressure 
is exceeded, the delivery valve 
opens, an<l the maximum pres¬ 
sure is reduced by an amount 
which cannot be deduced quan¬ 
titatively. 

It is, however, to bo ex¬ 
pected—and this is verified in 
practice—that this reducliou 
will be greater as the delivery 
valve area is increased, and 
as the delivery pressure is reduced, since the latter reduces the pressure 
necessary to produce flow through the valves, while the former ensures a 
more easy delivery. 

Abt. 165. —ErrixT of the Ei.articity of the Suction Column. 

• 

While the formulae already obtained enable the pressure on the piston 
to be calculated with fair accuracy for the greater part of the stroke, it is 
found that the pressures actually obtained towards the end of the suction 
stroke, even when separation does ;ot take place, are usually much greater 
than those calculated in this manner. So far, it will be’ noted, any effect 
which the elasticity of the water column may have in modifying this 
pressure has been neglected. Bu-.'ause of this elasticity, however, the 
change of* velocity and of pressure at the open end of the pipe will lag 
behind that ft the piston by the time necessary for a pressure wave to 

• 7 , • . 

traverse the pipe, i.e., by a time seconds, and if the acceleration 
at the plunger end at a-given instant he o, the difference in velocity at 
the two ends will be a X •jijqq 

Thus, assuming S.H. motion, when the piston comes to rest the 


De/ivery 


Atmo^ 





Zero_ 


.Une 


-V Pressure 


Fig. 293. 
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2*1 A 

irelooity at the open end will still be ’ ~ n^ean velocity 

in the pipe will be half {bis. In virtue of this velucily the column 
possesses a store of kinetic energy which, on stoppage of the piston, is 
transformed into energy of strain, and which in consctpience giw rise to 
3, rapid rise in pressure, of the nature of water hammer. / 

Actually this occurs before the end of the stroke at a point where the 

retardation due to the piston becomes equal to —. v being the velocity 

of flow in the ;^ipe at this instant, and the resultant rise in pressure, 
assuming a rigid pipe line, will equal GS’T v lbs. per square inch. As the 
retardation and velocity can both be calculated in terms of 6, the position 



of the piston when this occurs, and the magnitude of the shock, can he 
readily calculated. 

The effect of the elasticity of the suction column is therefore to modify 
the shape of th^ diagram as shown in Pig. 294, where the dotted line 
A' B' C represents tjie theoretical curve, neglecting the effect of elasticity, 
and 4 J3 C is the actual curve. i 

In the iiroceding investigations, th'e effect of loss of energy^due to the 
sudden enlargement of section of the stream on entering th^ pump barrel, 
and to valve resistances, has been neglected. In general, hnweyer, this 
will he comparatively small, exedpt where the suction pipe is very short, 
in which case the difliculties already outlined cease to exist. 

Even with a long suction pipe these may be considerably minimised, 
if«not entirely removed, by the provision of an air vessel—or vaeuum 
'^wessel as it is sometimes termed, .since the pressure of the com 
tamed air is less than that of the atmosphere—on the suction sida.'i^ 
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the pump. The effect of such an air vessel will now be considered. Its 
action is as'followsDaring the first part o" the stroke the pressure 
behind the piston is reduced and water flows .out of the air vessel. The 
flo.v along the suction pipe is thus reduced, as is the acceleration of the 
^rfholenijjss of water. This reduces the frictional resistance in the suction 
pipe, whihi the pressure behind the piston is increased both on this 
account and because of the reduced acceleration. At the rame time 
tendency to separation and to water hammer at the end of the stroke is 
reduced, if not entirely eliminated; the discharge coelficient becomes 
unity, or slightly loss than unity; and the pump diagram approximates 



Fig. 29r).—Vressure Diagram from Suction Air Vessel of 
Ileciprocatiiig rump. 

more and more nearly to the rectangle given by a perfect pump, as the 
sizes of the air vessels are increased. 

A typical indicator diagram taken from the suction air vessel of a 
double-acting pump is shown in Fig. ‘29u. 

• Aut. 1G6.— Air Vussbi, aitlied to a Single on Double-Acting Single 

Cylinder Pump. 

Effect of Air Vessel on Suction Side nfiPump, 

Let a„ v,, and a, represent the area of suction pipe between supply 
reservoir and air vessel, the velocity and the acceleration in this 
pipe respectively. 

a„, v„ a„ represent ditto, in f‘'e air vessel itself. 

A, I', a represent ditto, in the pump cylinder. 
h„ represenVthe pressure of air in air vessel, in feet of water. 
ir represent the atmospheric pressure, in feet of water. 

/i„ = b light in feet, of water level in air vessel above centre line of 
^pump. 

During the first part of suction stroke ^ater will flow out of air vessel 
into pump, and for continuity of flow :— 

V, a, + =,F A 

.'. Differentiating, we have a, a, + a, = A o (1) 

If, as is usual, the air vessel is. placed near to the pump, so that the 
pressure at the junction of air vessel and suction pi^e may be taken as. 
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substantially equal to that in the suction chamber we have, denoting this 

pressure by hj feet of water, neglecting frictfonal losses iif the supply 

pipe, and simply coiisideri()g the acceleration effect:— 

, , , ^ Ti' a,]VI,a, 

(rr — //, — hj) a, ]l = 


9 

L = V - h, - 
^ 9 


Also, considering the flow down the air vessel 

* K + K ~ h ' 


/i„ a„ ‘ 

9 

• • hj = K-r K — ^ 

Substituting for o„ in tenus of a, from (1) we get: 

!Li 
9 


h — + K „ ] „ I 


(21 


(il) 


( 4 ) 


Substituting for hj from (2), this becomes: 


'■ (, ~' “ + " g [ 0 . I 

K K.k] 

. . a. q— . — -U — — IT — fig — li,t ^ 

9 9 \ " 

••• = '/ I’f + ^'a) + K - l) I 


(5)' 


i'A» + i. 


(6) 


as ^mpared with its value without air vessel. 

Neglecting, for the time being, the variation in K and with a varia¬ 
tion in the piston acceleration a, it is evident from (6) that for a, to be 
affected as little as possible by a variation in a, the term involving a must 
be as small as possible. This indicates that a„ the sqctional area of the 
vessel, should be as large, and /t, as Small as possible-a deduction which 

is verified in practice. ■, 

When the pump is working, the water surface k, undergoes cyclical 
variations in height, K assumiifg corresponding values. The connection 
between the two may be obtained on the assumption that the air follows 


1 This assumes the ait vessel fo be of uniform diameter to its junction with the suction pipe 
. If, as is more usual, the junction is made through a smaller pipe of area «i, this formula 

" O] 1 * 

becomes Ita+ Jh - h - —r~' ***®*'e at - • 
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the law (pressure X volume = constant), for if TI, = height of top of 
air vessel above centre line (ff pump:— 

/ta {H, — /(„( = constant =iK 



or /i-„ 



( 7 ) 

( 8 ) 


The mean height may be adjusted by admitting more or less air 
into the air vessel, and this adjustment should be made un*ll h,, is as low 
as is consistent with no air being drawn over into the suction chamber as 
the level varies. 

With a single-acting pump, the total cyclical variation in volume in 
the air chamber is about '56 of the piston displacement per stroke. 

Since the fluctuation in level diminishes with an increase in cross- 
sectional area, an increase in o„ has the fm'ther advantage that it permits 
the mean working value of h„ to be induced. 

Again, substituting in (6) from (8), it appears that while the fluctuation 
in a, corresponding to a given variation in h„ diminishes as lf„ increases 
yet this effect is small compared with that of an increase in a„. In effect 
then, the area of the vessel is of much greater importance than its length, 


and for a given volume, the ratio 


should bo as large as possible. 


Example. 


A I'O square foot. I, = 30 feet, 

a, = •2.') square foot. h, — 9‘5 feet. 

a, = I'OO square foot. = 4 feet. 

Length of stroke = I'O foot. No. of revolutions = 100 per min. 

When the pump is standing let^'t, = 6 inches. We then have = 
(34 — 10) = 24 feet absolute head, 

so th#t 24 |4 — 11 = constant = K 
, .-. A = 84! 

Assuming toe total fluctuation of volume in the air vessel to be equal 
to ‘56 tijses the delivery per stroke, this gives a total fluctuation equal to 
•66 cubic feet, and therefore a fluctuation In level of -56 feet. 

The acceleration in the supply pipe corresponding to any value of the 
piston acceleration may now be obtained ftom ecyiation (6). 


82-2 34 - 9-5— 


84 


Thus a, = 


4 - h, 


-+A 


’ ( 32-2 


*25 /i„ •4*" 30 
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It only romains to substitute for h^, and if, as indicator diagrams show 
to be usually the case, we assume that this has its minimumValue shortly 
after the piston begins ils^uction stroke, we may obtain the acceleration, 
at this point by putting h, = ['5 --‘28] = -22 feet in the above expression, 
and by writing 

y i = 54'8f.s.s. 


a = 


8,(>00 
32-2 124-5 - 


Then a, = 


X i 
84 

^78^ 
30-055 




= 2-G2 f.s.s. 

as compared with its value a>^ r X 4 = 219-3 f.s.s. without air vessel. 

The maximum acceleration will in general bo found to occur at about -2 

of the suction stroke. _ 

Evidently a further increase in the size of air vessel, or an increase m 
the length of suction pipe will reduce the value of a, still further, and 
with a suction pipe of any considerable length its value approximates 
very sensibly to zero. In such a case the flow along the pipe is sensibly, 
constant, and the velocity is equal to the discharge in cubic feet per 
second divided by the area of the pipe. H this assumption be made, 
calculations relating to the necessary size, etc., of the air vessel are 
considerably simplified, as will be shown later. 

Modifying Effect of Friction ydd Kinetic Losses in Suction Kpe.—Taking 
the total difference of head between supply reservoir and piston as being 
given by * ' 

J’jL (1 4 - fL.) 4 - feet, 

2^ \ • w / ff 

•this may be written as;— 


Bin • ‘0 
cos t> 




/ 

/ Since a, = r cos 0 — 

I 

and sin ^ 


=: a, 7* 


sin ■ 


cos^^ 


Bin' 


... 

The, preceding equations now become: 

o, ,1 , _sin’^ 

k = ^-h.- ~ \l. + B 


feet. 
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k = 1ufK-^’ 


(S') 


(neglecting frictional losses in air vessel as being comparatively small). 

On substituting for o„ in (S') in terms of a, from (1), as before, we have, 
8quation^(4):— 

g \ } 

and substituting in this equation for hj from (2'), on reduction:— 




I ^ a. 

a. cos 9 


By substituting in (4') for o, from (2') we get, on reduction:— 

/, , T, sin 

+ -a) 

\ cos Bj 


V — /i, -|— 


/(,= 


['■.•+'-M 


1 + 






( 6 ') 


feet. 


from which, on assuming values for h„ a curve similar to Fig. 290, 
showing the pressure on the piston fur a series of values of 9 may 
be plotted. 

In practice, with single-barrel double-acting pumps, suction air vessels 
of from 1 0 to 8‘0 times the capacity of the pump per revolution are 
found to give good results, the necessary volume increasing .vith the 
rotative speed of the pump and with the length of suction pipe. 


Art. 167.— Air Vessel on Delivery Side of Pump. 

Here exactly the same reasoning'applies, except that nOw flow into the 
air vessel will take place during the first half of the delivery stroke, and 
flow out of the vessel during the Hrjond half when the water column in 
the deliverj" pipe is being retarded. 

Considering’ the latter part of the stroke, for continuity of flow:— 

“a Va - V, ^ A V 

a^o,, — a„o„ = ia. 

Also hj now correspond! to (k, — tt) in'the case of the suction vessel. 

.•. Equation (2) becomes;— 

k = hi + friction); 
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while (3) becomes 


K + —— = K + K + 
a 


h,. n„ 


— ^'i> + K + 

y 


a,! = 


y 1 K + ~ ^'<1 + 


.1 a — a,, a^i 
a, I 

li" 

y a. 




But without air vessel, so long as separation does not occur:— 

/ A 

a rf = a — 

/. a'^ -a^ = - - -I - y (hi - /i,. - /(„) 

h + K I 

a 

An examination of this equation indicates that the change in the 
retardation in the delivery pipe, and therefore in the pressure in the 
jump, due to the provision of the chambsr, increases with an increase 
m a„ and since /i, is in general small compared with diminishes with 
in increase in h,. It follows t^t the mean level in the air vessel should 
be reduced to' the lowest practicable limit, and that /(„ should be as large 
IS practicable, i.e., the air supply should be maintained so as to keep the 
water-level as low as is consistent with the air vessel still containing some 
Water at the end of the delivery stroke. 

The modifying effect of frictional resistances may be examined as in 
the case of the suction air vessel. In general, owing to the fact that the 
delivery head is much greater than tile suction head, and that the water 
at high pressure is able to dissolve an increased volume of air, the air in 
the vessel is gradually absorbed, so that either some device must be fitted 
for renewing the supply, or an air vessel of such dimensions must be 
fitted as will enable the mean level to be maintained fairly constant over 
long periods of -working. In practice, with a single-barrel double-acting 
pump, the delivery air vessel usually has a volume equal to from six to 
nine times the pump displacement per revolution, depending on 
(increasing with) the speed of rotation and the length,of delivery pipe. 
Here, again, an increase in the area of, the vessel is of greater advantage 
than an increase in its length. 
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Aet. 168. 

If it be assumed that the velocity of flow along the suction and delivery 
pipes is sensibly uniform, and equal to the mean velocity of the pump 
plunger, multiplied by the ratio of areas of plunger and pipe, the volume 
of wate?'eptering the air chamber per stroke may be determined with fair 
accuracy. 'Thus, if the ordinates of the displacement curves ABODE 
(Fig. 296) represent piston velocities, and if A jF represent the mean 


B 0 



piston velocity, on multiplying the vertical scale by — the curve would 

give the velocities of flow along the delivery pipe if no air vessel were 
fitted, A F measuring the mean velocity. 

Thus the ratio of each of the sectional areas to the whole area A FOE 


K L ft N 



gives the ratio of the volume entering thfe air vessel per cycle to the total 
discharge per revolution. This applies to a double-acting pump. In a 
single-acting pump the Volume discharged will be given by the area 
A JIKE, where AB AF, while the volume entering the air vessel 
will be given by the area LB M* In the case of a double-acting duplex 
pump, having cranks at right angles. Fig. 297 represents the state of affairs. 
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Here the curve D' K B L B', etc., formed by adding the ordinates of the 
two single velocity curves A B C, A' B' C, etc., gives the veSocity of the 
combined discharge, without air vessel. The area A E (i F represents 
the discharge per revolution, and each of the sectioned areas represents to 
the same scale the volume entering and leaving the air vessel per/.ycle. 

These areas may be calculated or measured by planinViter. The 
following table gives the proportion of the whole discharge per revolution 
which enters and leaves the air vessel per cycle.' 


rrojoi'lioii of Water oiitovin}; the Air Vessel 
per Cycle. 


Type of rump. 


Single-acting pump 
Two single-acting pumps with 
cranks at right angles. 
Double-acting pump . 

Two double-acting pumps with 
cranks at right angles. 

[Single-1 

Three-throw pump with 
cranks at 120° 


I Assiiniing au intinitely 
Long Connecting Rotl. 


Connecting Kml 
Crank 
= 4:1. 


acting j 
Doubly) 
I acting j 



P6r satisfactory working the volume of the delivery air vessel should 
be from forty to sixty times the volume of water entering it per cycle, 
this proportion increasing with the speed of rotation and the length of 
delivery pipe. 

On the suction side the volume should be from ten tq thirty times the 
volume entering per cycle, this propoftion also increasing with the speed 
and with the length of suction pipe. 

To Summarise.—An air vessel on the suction side of a pump reduces the 
maximum acceleration and the range of velocities in the supply pipe, and 
thus,.besides reducing friction losses, reduces the fluctuations of pressure' 
in the suction chamber, and therefore the liability to water hammer, or 
separation. The steadying effect becomes more pronounced as A, a, ^ are 
increased and less pronounced as a, is increased. The larger the volume j 
of the chamber the ereater is its effect, an increase of sectional area,^ 
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being of more value than an increase in length. Also, for efficient 
working, the water-level iirtlie air vessel should be adjusted by adjusting 
the air pressure, until as low as is consistent 'jith water remaining in the 
vessel during the first part of the suction stroke. For the air vessel to be 
as effective as possible in preventing shock it should be so situated as to 
provide aft effective air cushion to the entrant water. Fig. 298 a, b, and e. 




Fig.^ 08.—Suclion Air Vif-scls for Iiwipiocaliiig Pumps. 


shows various methods of applying the air vessel. Of these (a) is very 
ittle good in preventing shock, (b) is good except that thg provision of a 
•ight-an^ed bend at the entry to the Suction chamloer is inadvisable- 
Che best method is that illustrated at (c), since here the air vessel is in a 
lireot line with the suction pipe, whild discharge either from the air 
ressel or supply, pipe takes place directly into the suction chamber 
vithout the intervention of bends or elbows of any description. It may 
)e premised that the air vessel should always be placed so that a sudden 
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retardation of the suction column may produce a direct flow into the 
vessel, without the intervention of any acute bends or contracted 
passages. 

Precisely the same reasoning applies to the delivery air vessel, and 
here again, for efficient working, the water-level should be adjui^ted by 
adjusting the air pressure, until as low as is consistent wjCh water 
remaining in the vessel throughout the whole cycle. 


Am. 169.— Air-charging Devices. 

One of the simplest devices for maintaining the level in an air vessel is 
the air injector of Messrs. 'Wippenuann and Lewis. In this apparatus, 
which is represented diagrammatically in 
Fig. 299, the small cylindrical chamber A 
is connected to the pump barrel by means 
of a small pipe with regulating cock, and 
at its upper end carries a valve-box B con¬ 
taining air inlet and outlet valves, which 
is in turn connected to the air space of the 
air vessel V. 

On the suction stroke in the main 
pump this chamber is jiartially emptied, 
the air is drawn in through the inlet 
j|p,lve. On the delivery stroke of the pump, 
water is forced into the chamber j4.and its 
contained air is driven through its outlet 
valve into the air vessel V. 

The amount of water entering and leaving 
A per cycle, and therefore the air enter¬ 
ing r,may bn accurately adjusted by means 
of the regulating cock C. 

Another simple device consists of a small 
compound air pump, worked by the main 
pump shaft, which draws air out of the 
suction chamber, where it tends to accumulate, and pumps it into the, 
delivery chamber. ‘ 



Fig. 299.—Wippcrraann Airlnjector. 


Art. 170. —Efficiency of the Eecierocating Pump. '■ 
Whpn dealing with considerable pressures, the reciprocating pijmp if 
well designed and working at a fairly sl^w speed is capable of an efSbieney 
of AipJiO about 90 per cent. 
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Since a large proportion of the loss is due to mechanical friction and is 
therefore approximately independent of the pressure, this efficiency falls 
off rapidly as the working head is reduced, y, that in general, for heads 
below about 100 feet, the centrifugal pump becomes the more efficient. 
The piston pump, however, has the advantage of being positive in action, 
is not BQi^liable as the centrifugal pump to lose its water, and has an 
efficiency which, to a larger extent than in the case of the latter type, is 
independent of speed. 

Art. 171.—Positive Rotary Pumps. 

This type of pump forms the connecting link between the centrifugal 
and the reciprocating piston pump. Like the former, its motion is rotary 



and its delivery practic.ally continuous and free from vibration, while, like 
the latter,’its action is positive and it will work well over a large range of 
fpeeds. Its great drawback lies in the difficulty of keepmg the rotating 
pistons tight against each other and against the pump casing, the wear 
which invariably occurs leading to considerable leakage and loss of 
efficiency. 

In spite of thi^, the convenience of the method of driving, the fact that 
no valves are required, and the steadiness of working, render the pump 
valuable in many instances, and more particularly where viscid liquid is 
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to be handled. One of the beet of this type, the Drum Pump, is 
illustrated in section in Pig. 300.* Here P is the revolving pi&ton, which 
carries two projecting riba these gearing into suitable slots on the 
revolving drum D. The piston and drum are geared together by 
external gear wheels, and at each rotation of the piston a voh>me of 
liquid = 2tKA cubic feet is deliwred, where li = mean rad.i'us of the 
projecting rib and A = its projected area on a diametrical plane. The 
pump is built in sizes to deliver up to about 70(5 gallons per minute. 


Examples. 


(1) Sketch the displacement curve for a five-cylinder single-acting 
pump having cranks at 72° and, assuming zero acceleration in the pipe 
line, determine the proportion of the delivery per revolution which enters 


the air vessel per cycle. 


Answer. ‘OOIS. 


(2) Assuming no air vessels, determine the critical speeds at which 
separation will occur on the suction and delivery sides respectively of the 
following pump 


/Cyliniler diauiotcr = 10 inobes. 

Cylinder stroke “ IS inches. 

' Diameter of suction pipe = S inobes. 

, Diameter of delivery pipe = 4 inches. 

(On suction^roke 
' 1 On delivery stroke 


Length of connecting rod 
Length of suction pipe 
. Length of delivery pipe 
Suction lift. 

'Delivery lift 

21'7 revolutions per minute. 
20-7 revolutions per minute. 


3 feet. 
40 feet. 
260 feet. 
10 feet. 
180 feet. 


(8) Assuming the pump of example (2) to run at forty revolutions per 
miaute, determine at what point in the stroke shock will take place, and 
assuming-all connections, etc., to be rigid, and neglecting the effect of the 
opening of the delivery valves, determine the maximum hammer pressure 
then produced. ‘ 

Answer. 99'3 per cent, of stroke. 

Hammer pressure 881 lbs. per square inch. 


(4) Determine the discharge coefficients for a pump of 6-inch stroke, 

,. connecting rod _ 4_ ^ _piston^area— _ j.gg. 

having a ratio ’-^Ylmigth' T i ’ ™ ° suction pipe area 

length of suction pipe = 63 feet, when running at fifty revolutions per 
'"minute, and when the delivery pressure is respectively 
(o)‘ 5 lbs. per square inch. 

(6) 10 lbs. per square inch. 


‘ fly opuptesy of the Drum Engineering Company, Bradford. 
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Also (c) for the same pump when fitted with a suction pipe 86 feet long 
and when'running at sixty revolutions per minute against a head of 
11'5 feet. 

Answer, (a) . . 1-15. 

(b) . . 1-01. 

(c) . . rio. 

(5) A double-acting pump, cylinder diameter 10 inches, stroke 
18 inches, is fitted with an air vessel on the suction side 15 incheti 
diameter, and 4 feet 6 inches long measured from its point of junction 
with the suction chamber. The length of suction pipe is 150 feet, its 
diameter is 5 inches, the suction lift, measured to the level of the suction 
chamber, is 10 feet, and air is admitted to the vessel until the mean 
working level is 4 feet from the top, the fluctuation in level being 
2 inches. Determine the acceleration in the suction column at the 
beginning of the out-stroke—ratio of connecting rod to crank length 
being 4 ; 1—when running at eighty revolutions per minute. 


Answer 


/(a = 23'5 feet. 
a, = '32 f.s.s. 
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Centrifugal Pam|»8—Types and Coiistructiou—Theory—Balancing of End Thrust. 

‘ Akt. 172.— Crntiufugai. Pumps. 

Under low heads the efficiency of the reciprocating pump falls off con¬ 
siderably, and when in addition very large quantities of water arc to be 
handled its excessive dimensions render it expensive to construct and to 
instal. When working against a variable head, it also suffers from the 
disadvantage that its speed cannot be increased to any large extent to 
enable it to deliver a larger quantity of water as the head is reduced. 

Under such conditions, with heads ranging from about C feet to 100 
feet, the centrifugal pump having a single impeller is on all accounts most ‘ 
suitable, giving q|i it does a good efficiency—up to about 75 per cent, in 
the modern type of pump—along with moderate dimensions, simple con¬ 
struction, ease of installation and maintained high efficiency under con¬ 
tinuous working conditions. 

In the latter respect its froed^ from valves gives it an advantage over 
the reciprocator, whose valves, glands, and packing rings need to be 
frequently overhauled if the efficiency is to be maintained, this advantage 
beipg still more pronounced where the liquid pumped contains gritty 
matter in.suspension. 

■ ■ A further advantage is involved in its continuous and even discharge 
and the consequent freedom from shock in the delivery pipe line. 

The invention, in 1875, by Professor Osborne lieynolds, of the modern 
form of high lift pump, having an efficiency equal to thAt of the old type 
of low lift pump, opened out a new field of application for the oantrifugal 
pump, and of recent years this has been to an increasing extent invading 
the province of the .reciprocator,^ its efficiency increasing with improve¬ 
ments in design, until at the present time heads of upwards of 1,500 feet 
may be overcome with efficiencies of from 75 to §0 per cent. In a pump 
designed for such work tha water passes tlirough a seipience of impellers 
I mountM in series on the same shaft, the increase in head taking 'place 
in stages. 

.A.fift'.ther ad\(antage of the centrifugal pump consists in the possibility;; 



CENTRlfilvJAL PUMPS 


631 


of adapting it to the high speeds of rotation common in the case of the 
electric motor or steam turbine, its even torque rendering it particularly 
well lilted lor such a purpose, and the general tendency towards the 
extended use of such motors has of recent years given a great impetus to 
the development of the pump. 

The extent of this adaptability may be realised from e.xperiments by 
M. Bateau,* who, using a pump having a single impeller of 3‘15 inches 
diameter, and rotating at 18,000 revolutions per minute, obtained an 
efficiency of approximately 60 per cent, when pumping against 863 
feet head. 

Indeed, to such an extent have the possibilities in design responded to 
the demands made up )n them in recent years, that the centrifugal pump 
promises to replace the reciprocator to an ever-increasing extent in every 
class of work, except where the volume of water to be handled is very 
small in comparison with the working head. 

For mine drainage, tho motor-driven centrifugal has the advantage of 
reijuiring no expensive emplacements ; while for elevator work this motor- 
driven pump, with an automatically controlled rheostat to regulate the 
discharge, has an advantage in that since the delivery pressure cannot 
increase to any large e.xtent, no bye-pass is required. With a reciprocating 
pump this bye-pass is essential and involves a loss of energy by leakage. 

Ai)pliod to dredging operations, the centrifugal pump is capable of 
removing sand, gravel, or clay broken up by a water jet or mechanical 
agitator, tho amount of solid varying up to 40 per cent, of the volume 
handled. With a mixture containing 15 per cent, of gravel or 35 per cent, 
of fine sand, efficiencies of about 45 per cent, may be attained. 

In its essentials tho pump may be looked upon as a reversed inward 
radial or mixed How turbine, having the wheel vanes driven in tho opposite 
direction to that of rotation in me ciise of the turbiue^ and discharging 
outwards. 

If the pump De filled, the rotation of the wheel produces a forced vortes 
in the contained water, with a consequent increase of pressure in an 
outward radial direction and a tendency to outward flow. If the speed oi 
rotation is sufficiently high, this increase in pressure becomes more thar 
sufficient to balance the statical pressure of the delivery head and flov 
takes t>lace. A partial vacuum is thus produced at the centre of th( 
wheel and water is forked up through the supply pipe by atmospheri( 
pressure to talfe the place of that discharged outwards by centrifuga 
action. 


' Emj'iMer, March 7,11)02 (p. 23). 
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Am. 173. —Types and Construction of Centrifugal fuMPS. 

The whole object of a centrifugal pump, as indeed of any pump, is to 
increase the pressure of the water which it handles, and where, as in the/ 
case of a centrifugal pump, the water is delivered from the impellei; with a 
considerable velocity, the degree of efficiency to which the ma 9 ?iine may 
attain depends very largely on the extent to which the kinetic energy of 



Fio. 301. 


discharge from th*e impeller may be converted into pressure energy in the 
pump casing. ^ 

Any device having this end in viewxihould be designed so as to reduce 
the velocity of discharge from the impeller gradually and without shock 
or e3dy formation, to that of flow along the discliarge pipe. ' 

In some pumf s n« attempt is made to do this, and the water is simply 
allowed to discharge into a small chamber surrounding, and concentric 
with the wheel, out of which chamber the dischavge pipe is led (Fig. 301). 
Since each of the vanes is Continuously discharging, the quantity passing 
la.seotion of the collecting chamber wjll increase continuously from » 
isectioi^at A just past the discharge pipe, to be a maximum at the seetioii^ 
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B just before reaching this pipe. The velocity of whirl in this chamber 
will thus vary from A to B, and can only at one particular section correspond 
, with that at discharge. The result is, that piactieally the whole of the 
kinetic energy at discharge is dissipated in shock and eddy production. 

This^ay be avoided to a certain extent by designing the chamber so 
as to hav^ a sectional area which increases uniformly from A to B,& 
cutwater being placed as shown at A (Fig- 302), so as to ensure the whole 
flow being at once discharged from the chamber.' This is termed a volute 
chamber and is usually so designed as to give a uniform v' locity of whirl in 
the chamber, equal to about '4 times the velocity of whirl* on leaving the 
impeller. 

Here again, however, the velocity of whirl on leaving the wheel is always 
much greater than that of flow in the volute, so that there is still a loss 



by shock due to the impact of the high velocity water leaving the vanes, 
on the more slowly moving water in the volute chamber. • 

Practically the efficiency of the chamber as usually designed is very 
low, experiments by Hr. Stanton^ iij^icating that it often does not exceed 
about 10 per cent., and that the volute chamber in itself is only slightly 
•more efficient than the concentric chamber.* 

• This ciSwatc', if designed so as almost to touch^the impeller, leads t« cause considerable 
vibration when the pump is working. Generally the working is found to improve, and the 
ciBciency not to suffer unduly, by the provision of a generous amount of clearance at this point 
2 “ Proceedings Institute Mechanical Kngineers,"'190S (p. 716). 

s When correctly designed, the chamber, however, is cai*ible of converting some 60 per 
cent of the kinetic eSergy of discharge into pressure energy. For a rational design of such 
chambers a pai>er to be read by the Authoi* before the Institution of Mechanical Engincera 
daring the session 1S12-I3 should be consulted. 
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Whirlpool Chamher.—In the arrangement of collecting chamber suggested 
by Professor James Thomson and known as the vortex‘or whirlpool 
chamber, the impeller is surrounded by a casing which may be looked 
upon as a volute chamber of uniformly increasing area superposed upon 
a circular chamber concentric with and of considerably larger diameter 
than the wheel. Fig. 303 shows such a vortex chamber. In /ae concen- 
ric portion of the casing, the water on leaving the wheel is free to adopt 
ts own manner of motion which approximates to that of a free vortex. In 
his vortex the pressure increases outwards, theoretically following the 



ordinary free v(jrtex law. Unifonu discliarge then takes place around the 
circumference of the vortex chamber, through the gradually increasing 
volute passage. The great drawback to this device is^that to get a very 
eflScient chamber, the dimeiisious bedome excessive—the efficiency increas¬ 
ing with the radius—and, in consequence, it is seldom adojited save in a 
modified form.^ In this form it is very general. ^ ^ 

Even with this ‘chamber, hoWever, the efficiency ^f transformation is 
greatly diminished owing to the instability of diverging motion apd the 
.consequent loss of head in eddy formation, lAid the efficiency actually 
Obtained does not in general exceed about 40 per cent, of the theqreticaL 
fluide Vanes.—The tendency to instability of motion and the heasfj/ 
lo^ due to shock^may be largely prevented by the introduction of 
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guide vanes around the impeller, as shown in Fig. 804,‘ having angles so 
designed as tft receive the water without shook on leaving the wheel, and to 
direct this by gradually diverging passages, ei,4«>’ vortex chamber, 
or directly into the collecting volute from which it is taken by the dis¬ 
charge jipe. In the latter case the pressure change takes place entirely 
in the guid^ passages themselves. Tb e angle a which the guide vanes make 
with the circumference of the discharge circle is calculated exactly as in the 
case of the inlet vanes of a turbine, and, where the pump is required to 


R 



work under variable conditions, should be suited to the discharge at which 
the maximum efficiency is desired. Thus fitted, the pump becomes in 
every essential a reversed turbine, and is commonly known as a “ turbine 
pump. Wfif.-e the guides deliver into a vortex chamber they should be 
designed so as* to follow the curvature of the stream lines in free vortex 
flow with*the discharge, and with the tangential velocity at the entrance 
to the guides, obtaining under normal conditions of worsing. The ring 
of guide vanes in such a* pump is kno’stn as the difvser ring. Under 
favourable circun/stances such an arrangement ’is capable of converting 
up to 75 per cent, of the kinetic enprgy at discharge into pressure energy. 

I By courtesy of the Buffalo Steam Pump Company. 
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Where the conditions are very variable, however, the guide—or diffuser 
ring—may easily prove an actual source of loss by shock lather than of 
efficiency. Under such circumstances the guides are preferably omitted,' 
the most suitable type of pump being one fitted with a moderate vortex 
chamber and volute, this both on account of its greater adaptj,bility to 
varying circumstances, and of its cheaper construction. 

Types of Centiiifooal' Pump. 

Centrifugal pumps may be divided into three classes 

(1) Pumps •having a single impeller with open vanes, and discharging 
lirectly into a volute casing or vortex chamber. 



FlO. 305.—Open Vaned Centrifugal Pump wilh Balanging Vanes. 


(2) Pumps having a single impeller with encased vanes, and either dis- 

sharging as above, or fitted with a diffuser ring between im^ller an*d 
rortex chambeV. • • 

(3) Compound pumps, which are invariably fitted with encased vanes and 
with diffuser rings with or without the addition of a vortex chamber. » 

Fig. 805 shows an exatuple of the first type, having ai\axial inlet^on one 
side only of the impeller. Here the wajjer is deflected into a radial directioii 
by the conical disc on which the vanes are formed. 
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Fig. 301 shows a pump having vanes open on both sides, with a suction 
inlet on each'side of tlie wl»el. This type has the advantage of being 
perfectly in balance as regards axial thrust on '.ho shaft, while the single 
inlet type necessitates provision being made for balancing any such thrust. 
On the ^jiher hand, the single inlet pump is particularly convenient for 
situations where a vertical shaft is permissible, and, as denoted in the 
figure, lends itself to a very compact and simple type of construction. 



Fio. 30().—Single and Double Inlet Encap'' ’ Irapellcrfl with Vortex Chamber Mid Volute. 

» ' 


The open vane pump is, however, subject to considerable and incalculable 
loss by slip or leakage of water between the pump casing and impeller 
blades, and %hile this may be reduced by making the clearance at these 
points as small as possible, the presence of gritty matter in suspension in 
the water*causes rapid wear, and the slip may then become excessive. 
Furthermore, the disc friction accompanying the rotation of such open 
vanes over the surface of the casing is censiderably greater than when 
the vanes are enclosed at the sides by discs or’shroudings, so that on 
every count the latter encased type pf pump is preferable. Such a pump. 
Pig. 806 a and b, may have either single or _^ouble suction inlet, and 
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will thus require balancing for end thrust or not, just as does the open 
varied pump. The possibilities in this direction are somewhat greater 
than with the latter typSj 

It is very suitable for heads between 30 and 80 feet, but must, for high 
efSeiency under high heads, be fitted with guide vanes outside Ihq,impeller 
ring. As thus constructed, efficiencies up to about 80 per wnt. may be 
obtained. Free circulation of water behind the impeller and into the 
suction space is usually prevented by the introduction of a brass packing 
ring at P (Fig. 306). 

Where the ’working head exceeds about 100 feet, the single impeller 



FlO. 307.—Worthington Single Impeller High Lift Pump. 

pump as usuafly constructed falls off rapidly in eflficiency owing to tne 
necessary high speed of rotation and the consequent excessive frictional 
and eddy losses. It may be compcTaudod, and so made suitable for such 
work by mounting a number of impellers in series in separate chambers 
and on the same shaft, each taking the discharge from its ^edecessbr 
and raising if thfough a fraction of the whole head depending on the 
number of impellers used. For this to be done with fair effioienqy, it is 
essential that as far as possible the kinetic energy of discharge from each 
■ wheel be converted into pressure energy before entering .the next e^ambei;, 
and this renders the use of efficient vo\>ite chambers or of guide or diffu^ 
vanes-on the discharge side essential. 
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Where the water to be pumped contains grit, as is usual for example in 
colliery workings, the leading edges of such vanes are apt to be badly worn 
or bent from their original position, in which cese the efficiency of working 
is seriously affected. To obviate this difficulty a design of single impeller 
higli-lift*puiup, in which these multiple vanes are absent, has been evolved 
• 



• Flu. 308. —Wortliingtpon Single Trapeller High Lift Pump. 


i 

by the Worthington Pump Co., and is illustrated ^in .Figs. 307 and 
808. In this pump, designed to delive’r 2,500 gallons per minute at 
1,170 revolutions per minyte against 800 feet head, the combined efficiency 
of pump and motor attained, on test, a maximijm value of 78‘8 per cent. 

the correspondiifg pump efficiency being approximately 80 per cent.* 

» 

« Huijineerhg, Feb. 6,1909. By courtesy ot Messrs. The Worthington Pump Co. 
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Some modern types of construction of the compound high-lift pump are 
indicated in Figs. 309 to 317. • * 

Pig. 809 shows the construction adopted by Messrs. Sulzer Bros. Here 
the impellers are mounted in pairs back to back, the flow through these 



Fig. .SOS,—Suker Sextuple Compound High I.ift Pump. 


being in opposite directions. By this construction each pair of impellers 
is in balance as regards end thrust. The pump is fitted with diverging 
guide passages, curved vanes, and a vortex chamber, while Fig. 310 shows 
the type of water-sealed stuffing box and 
i^er-cooled bearing adopted by, the makers. 
^The Buffalo high-lift pump (Figs. 311 
and 312) is built on somewhat similar lines 
also having impellers mounted in pairs, 
while in the Mather-Reynolds pump (Fig. 
313), constructed with a double inlet to 
each propeller, the guide passages and 
curved v4nes are retained, while the vortex 
chamber is omitted. The construction is 
thus simplified without Seriously affecting 

Fio. 310;— Wat^er-Seaied stuffing- efficiency, a quadruple puiflp of this 

, box for Sulzer Pump. ’ . . , . 

type giving efficiencies up to 75 per cent- 

when delivering 1,000 gallons pej: minute against 320 feet head. • 

The foregoing arrangement of impeller, however, necessitates compli¬ 
cated and tortuous connecting passages, and a simpler construction iS' 
oj^tained where, as shown in Figs. 314 to 318, impellers, each having a 
, aiw gl A inlet, are used. ' This system has the further advantage lia\ any 
odd number of impellers may be. used, bn the other hand, with the'singte. 








Sec^tlon fi-D. 


FiO. S12.—Sectional End Elevation of Buffalo High-Lift Pump. 








^inlet, end thrust becomes serious and special devices must be adopted 1 
overcome this difSculty. These will he considered in detail in Art. 18) 
'With any of these types of pump, efficiencies of between 72 and 80 pi 
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cent, may be obtained, while they are all capable of being constructed so 
as to deal with heads up to about 600 feet, the head in each chamber 
usually varying from 60 to 100 feet. 
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The maximum speed of the impeller is limited by the fact ihat 
extrejue speeds cavjtation is set up, and the pump will not fill itself. 


Fig. 317._Worthington Qnadmple High-Lilt Pump. 
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Leakage f);om stage to stjige of a higJi-lift pump is prevented by brass 
packing rings surrounding the shaft between each pair of chambers, while 
to prevent corrosion of the pump spindle this is usually protected by a 
braes s|pcve. 

Adnnssiyn of air on the suction side of such a pump is to be guarded 
against wifti the greatest care, as being productive of inefficiency and of 
considerable shock in the pump casing and delivery pipes. 

Anr. 174.— Suction and Demvery Pipes. 

The area of the suction pipe is commonly made equal to the discharge 
area of the impeller. A foot valve and strainer should always be fitted 
to this pipe, the area through the valve being not less than half that 
of the pipe. No part of the pipe should he above the pump inlet in order 
that the formation of air pockets may be prevented, while when the pump is 
circuliiting water through a pipe line forming a syphon, an ejector or air 
pump should he fitted to the highest point of the pipe, for priming the 
immp and for the removal of any accumulation of air. 

The suction lift should be as small and as direct as practicable, and 
.should never, if possible, exceed 20 feet. Whore hot li(iuids are to be 
handled, the vaiiour pressure reduces the possible suction lift, the effect of 
temperature in the case of water being as follows:— 


Ttimperature of wjitor, degrees Falir. 

fi0° 

JOO'’ 

IHP 

• 

1 

212“ 

Muximiim theoretical suction lift . 

1 3!)'(l£t. 

Sl-I It. 

2(i-7 ft. 

lfi-71’t. 

0 


Practically the limit is reached ;nuch before this because of the iil)era- 
tion of air when the pressure is reduced nearly to that oSrresponding to 
the saturation temperature, and liecause of th(! increasing importance of 
slight air leakage a*t joints, and at tl-a stuffing boxes of the pump spindle 
at these lov,’ pressures. In no ease should the suction lift exceed two- 
thirds of the values given above, while where hot liquids are to be lifted it 
is advisaWe to place the pump below the fjupply level. • 

The above remarks may be taken as applying with equal force to the 
reciprocating pump. ^ 

When parallel, the area of the discharge pipe Should, in general, be not 
less than that of Ihe suction pipe, and may with advantage be increased 
to three times this area where the working head is high. It is, moreover,, 
advantageous to have a main discharge pipe of greitter area than the' 
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outlet from the collecting chamber of tho pump, the connecting pipe 
having a gradual divergence. By this means a partial conversion of 
kinetic into pressure energy is obtained in this connecting pipe. 

With heads exceeding about 100 foet, a non-return valve shpuld be 
fitted on the delivery side, while when delivering into a rising main of 
great length an air vessel should bo fitted on the same side of the pump 
to avoid shock on starting and stopping. 

This is specially advisable with a bolt-driven pump, where the vibration 

of the belting may produce variations of 
considerable magnitude in tho angular 
velocity of the shaft under normal work¬ 
ing conditions. In a belt-driven quad¬ 
ruple high-lift pump under the author's 
observation, making 1,400 revolutions 
per minute and discharging through 
600 feet of 4-inch piping, against a 
total head of 143 feet, the pressure in 
the last collecting chamber varied froth 
122 to 164 foet. One successful com¬ 
bination of non-ieturn valve and air 
vessel is illustrated in Fig. 318. 

Self-charging Device.—Since a centri¬ 
fugal pump will not begin to lift unless 
first charged with water, if fixed above 
Supply water level provision must be 
made lor priming or flooding the pump 
casing from an auxiliary pressure 
supply or for withdrawing tho air by 
of ‘‘•1 ojector or auxiliary air 

pump. 

? 

Akt. 175.— Genekal Theoby of Oentbifuoal Bump. 

In the following discussion /jf the theoretical considcratioifs govern* 
ing the design of the centrifugal pump, the symbols used are the 
same and have the same meaning as in > the case of the turbine 
*(P-.582). ' . / , 

Thus the suffix (1) refers to the water just before entering the iaipellet 

(2) refers to the water just after entering the impelleif.^ 

(3) refers to the water discharging from the impeller.^'i 







CENTRIFUGAL PUMPS 


«47 


while «3 = peripheral velocity of impeller at entrance. 

«a = ]1eripheral volo^ity of impeller at exit. 

(3 = vane angle at entrance. 
y = vane angle at exit. (Fig. 319.) 

In this discussion it is assumed throughout that the pump runs full at 
all speedi^ within its working limits, the theory ceasing to apply if 
any action of the nature of cavitation take place. The further assump¬ 
tions are made that each particle of water, immediately before entering 
the wheel, is moving radi¬ 


ally, and that its initial 
velocity of whirl u'^ is zero, 
and also tliat all particles 
of water on leaving the 
impellers have the same 
velocity and are moving in 
directions which make the 
same, angle with the tan¬ 
gent to the periphery at 
the point of discharge. 

Form of Vanes.—Just as 
in the case of the turbine 
all shock at entrance to the 
vanes is to he avoided, 
and, assuming radial flow 
at the entrance, this gives 
as a necessary condition 
for entry without shock. 
(Fig. 319.) 

f‘i = W 2 tan /3. 



Fro. 319.—Velocity Diagram for Vanes of a Centrifugal 
Pump, 


The relative velocity of water and vane at entrance is tiien given by 


, 2!V = ./a cosec /J = V ff -^ uiiK 


If the angle (3 does not siitisfy the above condition, there will be loss 


by shock at entry. The magnitude of this may be approximately calcu¬ 
lated, for Jhe relative velocity of water and vane in the direction of rotation 
before entering the wheel is «a, while th% relative vdloeity in the same 
direction after entry is/a cot /3. The loss of head due to this change in 


relative velocity is then approximately equal to 

. (p.88). 


The greatest source of loss in the pump, as compared with the tarbine\ 
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is, however, due to rejection of kinetic energy in the discharge from the 
impeller, for while this is comparatively unimportant in the turbine, it 
becomes of the greatest importance in the pump, since it is when leaving 
the wheel that the water is moving with its maximum velocity. At the 
best, only a portion of this energy of discharge can ho recovered by means 
of a vortex chamber or guide vanes, and it is therefore advisable to reduce 
the velocity of discharge to as low a point as is compatible with efficiency 
in other directions. This may be done by curving the vanes backward at 

their tips, so as to make 
the discharge angle y 
(h’ig. 1120) less than 90°. 
The relative velocity of 
watiir and vane at dis¬ 
charge then has a tan¬ 
gential component in the 
opposite direction to that 
of the wheel’s rotation, 
this component iucreasiim 
as y is reduced, tlie result 
being that tlie absolute 
velocity of discharge is 
reduced. Thus, for ex¬ 
ample, in Pig. 320 the 
trianghss of velocity are 
drawn lor the cases in 
which the vanes are re¬ 
spectively radial, curved 
forward at exit, and curved 
backward at exit. In each 



fIo. 320.—Velocity Diagram for Vanes of a Centrifugal 
1‘nmp. 


case the same value has been adopted lor /«, the velocity of flow at 
exit, and for «3 the peripheral velocity of the vanes, while a c represents 
the direction and the absolute velocity of discharge. ^ 

A comparison of the diagrams will indicate how this diminishes as the 
angle of backward inclination of the vane tips increases. < 

As will be seen •’later, however, the necessary peripheral speed of the 
wheel for pumping against a given head increases as y is reduced, and 
this causes the frictional losses, which vary approximately as y, tc 

increase. ‘ . c 

This backward curvature of the vaneji offers a further advantage In tha: 
it^es passages of more uniform cross section. This reduces the div^ 
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gence, and thus the tendency to instability of flow, which is one of the 
important factors in reducing the efficiency of the pump as compared with 
the inward flow tnrbifie. Since the relati'-a velocity of flow increases 
outwards, the passages would in all probability he most effective if designed 
so as Jo be convergent outwards to suit this increased relative velocity. 
This viewtis borne out by the results of a series of experiments carried out 
by Mr. J. A. Smith, of Melbourne,* in which instantaneous photographs 
of the flow through the impeller of a pump model while freely discharging 
into the atmosphere, indicate that at a certain velocity the water tends to 
leave the leading face of a passage as indicated in Fig. 321, which is 
reproduced from his paper. If discharging under pressure it is evident 
that the empty space shown in these passages would be occupied by dead 
.jraler and would be the 
of considerable loss 
in eddy production. The 
successive curves 1 , 2 , and 
3, mark the boundaries of 
the stiasani wilh increasing 
velocities. 

In practice, the purpose 
for which the luimp is 
designed determines the 
value of y, which may 
have any value from 15“ 
to 90”, so that in general the water on leaving the vanes has a compara¬ 
tively high absolute velocity. 

. As is ai)parent from Fig. 320, at discharge, 



Fig.^21. 


/„ cot y = 11;) - ?C3, 

while the relative velocity of water and vane is given bj^ 

cosec y. 

Work done on*Pump.—The turiring moment on the shaft, equivalent to 
the change per second in the angular momentum of the water passing 
through the wheel 

= I ti'a 1-3 — 1 * 21 - 2 } foot lbs. 


Work done on water per second = - jiCa 1-3 


if2 >3} <« foot II3S. 


* See Engineer mg, December B, This view is also borne out by the results of 

experiments by C. B. Stewart, Bulletin of University of Wisconsin^ No, 173,1907. 
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And since the initial tangential velocity of the water, before coming under 
the influence "of the impeller is zero, this becomes ' 


U - 


W Q 
U 


?’ii (1) 


!l 


\ 

«’:) 1(3 fool lbs. per second. 


— foot lbs. per lb. 

.'/ 

This is quite independent of all losses in eddy formation, shock, and 
friction in the wheel passages, and if to it be added the work done against 
the friction of the impeller on the surrounding water, against the 
mechanical friction of the bearings, and that absorbed in pumping water 
which may leak from the discharge side to the suction side of the impeller, 

the result will give the power required 
to drive the pump. The work done 
against .these resistances may be ex¬ 
perimentally obtained by driving the 
pump at the required speed of rotation 
with the discharge valve closed so as 
not to deliver any water, and by noting , 
the power then absorbed. This will, 
however, be somewhat high owing to 
the fact that leakage round the im¬ 
peller will be greater than under 
normal running conditions, and also 
that power will be absorbed, owing to 
the viscosity of the water, in main¬ 
taining a rotation of the water in the 
eye'of the pump and in the collecting chamber surrounding the wheel. 
Also, in all probability, in maintaining such a series of currents as 
indicated in Fig. |122. , 

Energy obtained from Pump.—The useful work done by a pump is the 
product of the weight of water handled and the height through which 
^is would be lifted provided there wer^ no losses of head in suction and 
delivery pipes. 

If H is the difletenee of level between suction and discharge rqgervoirs,' 

' H/ the friction loss in suction a\id delivery pipes, and v the velocity of 
,|low*long the discharge pipe, the energy obtained from the pump per lb.' 

o^tpajter = H + foot lbs. 

If pressure gauge or manometer readings be taken on the suction and. 
■;ileUvery pipes at the .same level immediately before and behind the pumpi, 
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the suction mding will be — ^ II, + + ij"~ j the delivery 

r “ 

reading will be + Ihd — o'” + section of the pipe is 

*</ " // 

increased after passing the manometer, and will be + H/d if if 

remains <S the same cross section. In either ease if f, = the “ mano- 

J-2 

metric head ” will be given by H + Hj + foot = 

!) 

It is worth noting that this is greater than the head II' obtained by 
adding the dead lift II and the friction head IIj. In the itvernge pump v 
may range up to 8 feet per second, so that in a low lift pump the term 

jj-^should not be neglected. 

Efficiency of Pump.—Jlanometric Efficiency.—Neglecting losses due to 
disc friction, mechanical friction, and slip, wo have seen that the work 

done on the water per lb. is foot lbs. The ratio of the energy J/,* 


obtained from the pump per lb. of water, to is sometimes termed the 

hydraulic efficiency, but more correctly the theoretical manometrie 
efficiency ij'. 

• >1' = _ 

U3 IV3 H3 ("a — ./i) cot y) 

Hydraulic Efficiency.—The work actually done on the water per lb. is 

yvC.T.m l.x. ^^3 I I T li l/.ou rif 


given by where L* represents the totdl loss of energy in 

0 ir V 

foot lbs. expended in overcoming hydraulic resistances in the pump itself, 
and the ratio 

* 'W3 Ms I r ’ 

is more correctly termed the hydryilic efficiency. 

Actual Working Efficiency.—The actual working efficiency is the rat|o 
of the energy obtained from the pump to the work done on the pump 
shaft p6?lb. of water. If be the number of revolujiions per second; Q 
the volume per second in cubic feet; and T' the turning moment on the 
shaft in feet and lbs., 




^8 % 

9 W(j 


where L* and L„ are respectively the hydraulic and^mechanical losses ifip, 
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m 

the pump. From this result it appears that as the discharge 0 is 
diminished the actual efficiency diminishes more rapidly than the raano- 

metric efficiencywhicli indeed has a value usually alwnt'5 when 
n' 3 113 

the discharge Q and therefore the actual efficiency is zero. Under formal 
conditions as to head, speed, and discharge, the calculated luluometric 
efficiency is, however, not widely different from the true working efficiency, 
the ratio of the latter to the former ranging from about '85 in a pump 
with recurved vanes and an inefficient collecting chamber, to about PO 
in a pump with radial vanes and an efficient vortex chamber or 
diffuser, so that a knowledge of the probable manoraetric efficiency 
guided by a knowledge of the performance of somewhat similar pumps, 
enables the working efficiency to be predetermined with a fair degree of 
accuracy. 

Change of Pressure in Passing through Pump.—As will bo clear from 
what has already been said, the increase in pressure during the passage of 
the water through the pump must be such as to balance the statical head 
together with the head necessary to overcome frictional resistances and 
that equivalent to the kinetic energy of How along the suction or discharge 
pipes. 

Where the water, on leaving the wheel, is allowed to make the best of 
its way to the discharge pipe without the provision of a volute, vortex 
chamber, or guide vanps, the 1^. of discharge is entirely dissipated in 
shock, and the full pressure change takes place in the impeller. Where 
provision is made fa- gradually reducing the velocity of the discharging 
water by one of these devices, a further increase in pressure takes place 
aftef leaving the impeller but before leaving the pump casing, while if a. 
diverging discharge pipe is used, as is often the case a further increase 
in 'pressure takes place in this pipe. , 

The magnitude of these changes in pressure will now be considered. 

(a) Change of Pressure in Passing throT^h the WheeV'—The absolute 
velocity of a i)article of water at any point in the wheel may b^ resolved 
into two components, one of whirl with the wheel with a.velocity co r, 
and the second pf flow parallel to the vanes with relative velapity 
This latter velocity *s evidently that which the water would have if the 
same, volume were passing with the wheel at rest.^ The total differenqe of 
• pressure at any two differeiit radii is thus compounded of the differences 
due to—; 

^‘^1) Rotation in a forced vortex with aifgular velocity a. 

(2> Optward flow Bp,rallel to the vanes with velocity Vf. 



CENTBIFUGAL FUMPB 


658 


W2 


In the forced vortex we have, considering the points (2) and (3);— 

_ A 

W 2 g ~W' 

. F'» ~ {l’« — ^2^) _ Vg — 11^ . 

■■ (F 2jst“ ~2g 

while duo to relative outward flow wo have— 

P"-2 , 21-,“ _ p\ |,JV“ 

2(1 ~ II’ 2 'g 


11 


( 1 ) 


/'a - j/'2 _ - a?v" 

ir ■ “ 2 ii <• 

—.^L + c osee V 

2.'/ 

Sumiiiing these and writing ;),■) = p'a + p'a, etc., wo get the total 
difference in pressure between the inlet and discharge edges of the vanes, 
]h — V i_ 11^ + — f:? cos ec V 

W ' 2 <j ‘ • 


t.e., 


( 2 ) 


(3) 


Example. 

. A pump, 1 foot diameter at inlet, 2 feet diameter at outlet. 6 inches 
broad at inlet, 4 inches at outlet, discharges 5'0 cubic feet per second, 
when making 200 revolutions per minute. Determine the rise in pressure 
in passing through the wheel, and hence, neglecting all frictional losses, 
the head pumped against. Assume y = 25° and neglect the effect of the 
vane thickness. 

Here Q = % t; y. I = f-i y. 2 tt y. ^ 


.-. /a = — = 3-18 f.s 


,/3 = = 2-386 f.B. 

A Ti 


= 6'48 feet. 


. • 2 TT X 1 X 200 _ „ 

Again, Ha =-60~~— 20 96 f.s. 

and cosec V = 5-6 

. (20-96)’‘ + (8-18)2 - (2-886)2 X 6-6 

IF ~ '64-4 

& 

.-. rise in pressure, 7)2 — Pa = 6-48 X 62-4 = 404 lbs. per square foot. 
Head pumped against = 6-48 feet. 

(5) Change of Pressure in Volute Chamber.—Writinf^ the gain of head in 
this chamber as + f^) feet = feet we have 

A g '' A ^ 

Experiments show that K has a value often as low as -40. With a well* 
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designed volute chamber, however, experiments show that K may bs 
increased to about '60 (see p. 633, footnote). « * 

(c) Volute provided with Divergent Discharge Pipe.—If the discharge 
from the volute take place into a pipe of gradually increasing sectional 
area, the gain of pressure in this pipe may be readily estimated in» terms 
of the velocities of flow from the data of Art. 34, p. 84, when the angle of 
divergence of the sides is known. 

(d) Change of Pressure in Vortex Chamber..—Here the water on 
leaving the vanes forms approximately a free vortex; the pressure 
increases as th« velocity diminishes towards the outside of the chamber, 
and part of the kinetic energy of discharge may thus be recovered as 


pressure energy. 

If the suffix (3') now refers to the outside of the vortex, wo have, neglect¬ 
ing changes of level between (3) and (3');— 

Pst ~ Pa _ '''a^ — /c\ 

■ fy ^ 

giving the gain of pressure head in the chamber on the assumption of true 
vortex motion, with no eddy losses. 

But if 7’3 and r's are the inner and outer radii of the chamber we' 

have — = - = c (say) 
t's ’V 


Pa' — Ps 
W 


^ W ,6, 

‘2// 

The theoretical efficiency of the vortex chamber may be taken as 
tlie following table indicating how this varies with an increase in 
tfie radius of the chamber. 


"'f ,, 

Value cf —.. 

cs 

100 

1-25 

1-50 

1-75 

2-00 

2-50 

3-00 

Theoretical efficiency’of vortex chamber 

1 

0 

• -36 

•B66 

•673 

•7f.O 

•810 

•889 

-- 









Experiments by Stanton^ on a pump having a vortex cliaraber 18 inches 
Sii diameter, showed a chamber efficiency of about 39 per cent, frith either 
a 7-inch or an 11-inch wheel. 

The actual ga'in ia pressure isgthus considerably less than thafobtained 
in the ideal case, and is given more nearly by— 

' ' ' -m 

,v(^e K varies probably from "4 to 'SJ, depending on the form df the 

‘ Proc. Inst. Mech., Eng., 1903 (p. 716). 
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vortex chamber. On adding this gain of head to that previously obtained 
in passing through the wheel we have:— 

P3' — Ps + i>8 — Pa _ a: ()Cs“ + /s®)/?. — c**) 

IV ~ 2 ;/ 

I + /a’* — oosec V /ox 

+-" ^2^- 

= total gain of pressure head in pump. 

(e) Change of Pressure in Guide Vanes.—In Stanton’s experiments on 
a pump fitted with guide vanes and radial impeller vanes, the guide 
efficiency varied from .'>9 per cent, to 70 per cent., while with back curved 
vanes this efficiency varied from 47 per cent, to .12 per cent. With a 
third wheel of 12 inches diameter having curved vanes and working 


under a head of 65 feet, 
the guide passages had 
an efficiency of 75 per 
cent. 

In each case, with 
curved vanes, the vaiie 
angle at inlet was 15°, 
at outlet 30°, guide angle 
o = 3°. Vane thickness 
•05 inch. Four guides 
were fitted, and the num¬ 
ber of impeller vanes was 



varied from twelve to twenty-two without any apprgpiable eileot on the 


efficiency. 

An examination of Fig. 323 shows that the correct value of a is 

given by— e c ce 

tan a - :g- g^d-ae 

__ ,4_ 

. “ an — h cot y 

Since t]ie guide passages are feetangular in section the guide vanes 
should dive-ge at an angle of about 11° (p. 87) for maximum efficient. 

' Under tjjese conditions, with a designed so as to prevent shock at entry 
to the guide vanes as far as possible, "hbout 75 per cent, of the kinetic 
energy of discharge is converted into pressure energy. 

The total gain of pressure head in the pum^ is then equal to; 

. fci>3‘‘ + ^t8H-./'a^-/8°oosecV feet 

^9 

where k has a maximum value pf Pbevt '76. 
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The general effect of the curvature, length, and dimensions of entrance of 
the guide passages, and of the curvature and angle of delivery Of the return 
passages to the eye of the impeller, are shown in the curves of Fig. 324.* 
Head and efficiency curves are given for four different designs of guide 
and return passages, the same impeller of standard shrouded typ» being 





Fig. 324.—Effect of Guide and Return Passages of Different Fornff 


used in each case. ^Design A has short guide vanes with. wid»»opening 
on the radial line. The retvurn passages are of similar curvature. 
Design B has similar guide vanes, but the return passages have a short 
curve becoming radial ne8,r the eye of the impeller. Design C also-has 
similar- guide vanes and the return passages are sinriJar in curvature 

Proc. Inst. Mech. Eng., 1312, Ko. 1, p. 18. 
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to those of A, bat are not extended to the outer periphery of the return 
chamber. In design J) thfe opening on the radial line is only one-half 
that in A, B, and C. The return passages a’’e similar to those in C. 
The head and efSciency curves are given for speeds of 1,000, 1,500 and 
2,000 revolutions per minute, and show that design D is much inferior 
due to throttling at the throat of the guide passages. B is superior tO jt 
both A and C in generation of head, and superior to A in efficiency 
especially at low speeds, but is inferior to C in efficiency except at high 
speeds. At these speeds great loss of energy results on the eddying 
which takes place in the collecting chamber of C which is prevented by 
■the guides forming the continuous passages of design B. Design B is 
most usually adopted as best meeting average conditions. Design C, 
which approaches more nearly to the conditions of a single chamber 
pump, gives considerably higher maximum efficiency at speeds of 1,500 
and 2,000 revs., due to less power being absorbed by friction against the 
walls of the guide passages, and also to tangential motion imparted to the 
water as it enters the subsequent impeller by the tangential curvature of 
the return passages. 


Aar. 176.— Manometwc Efficiency undeb dipfebent Wobkino 
Conditions. 

■ If there were no losses in the pump other than those already considered, 
the expressions just obtained would give the matiometric head J/„. 
Actually, frictional losses and leakage in the impeller itself along with 
losses due to shock at entrance to impeller vanes and to guide vanes at any 
other than normal speed and discharge, make the true manometric head 
less than that calculated. The ratio of the calculated manometric head 

-to the bead — - ^ is termed the theoretical 
9 


-neglecting these losses- 


manometric efficiency and will be denoted by ij'. 

If the sum of thi* dead lift, 7/, and of the friction loss Hf in suction and 
delivery pipes be called W, the total gain of pressure in the pump musL 

heH' feet, where v is the velocity of flow along the discharge pipe. 

Thus, neglecting hydraulic losses in the impeller 
+ .tf — cosec 


'ig 

and we have: 


V , f increase m pressure 1 _ rr/ . ^ f i. 
1 after leaving impeller] ~ ^ 


(9) 




+ / 2 * 


—ya” cosec ^ + k tV 

a WfUa A 
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2 «3(»3 — ./itcoty) 

where k has the value iru^icaled in the preceding article for the type of 
pump under consideration. 

The various cases will now be considered in greater detail, find as, 

-^2 

except for very low lifts,-- is small in comparison with Jl’ while V is 

approximately equal to/,, the foregoing expressions will be simplified by 
writing 


cosHC V j increase of pressure | _ 

‘i <j '1 after leaving impeller I 

and / = + ^ ( 12 ) 

2 ( 1(3 — ./a cot y) 

(1) Pump without Special Provision for Utilizing the Kinetic Energy 
of Discharge from the Impeller.—Here Ic — o, and if the pump bo working 
so that water enters without shock, 

r,' = } . ”(1 ^ - /i^cosoc=’y 

^ H:i (((<1 — fi cot y) 

while 2 g W = v,^ — J'i cosec “y (14) 

so that «3 = V 2 fi Tv + f} cosec ^y (15) 

If y = 90°, i.e. with radial vane tips. 

('2 

/ .r .'2 
\ 2'«3^ 

a value .jyhich is always lesi^han 50 per cent. 

If y is very small cosec y = cot y (ai)prox.) and we have 

= “A+J? “‘Ar (approx.). 

*f a H'i } 

Since/) cot y or,/ cosec y approximates more nearly to ((j asy diminishes, 
the theoretical efficiency in this case .ipproxiiuates to a value unity. 

Usually/a is taken as some definite fraction, commonly from } to J of 
\/2 g IT, and the following table shows how g' varies with y for these 
values of /). 













CENTRIFUGAL PUMPS 


659 


Effect of a Variation in y.—Equation (12) indicatsB that as y is diminished 
the efficiency is increased, and this is in general borne out by the results 
of experiment. As previously pointed out, however, this gain in theo¬ 
retical efficiency is to a certain extent counterbalanced by the fact that 
since a diminution in y necessitates an increased speed of rotation 
for pumpiig against a given head, this involves increased frictional 
losses. 

Thus experiments by Parsons ‘ on two 14 inch impellers, one having 
y = 90" and the other y = 25" (approx.), showed that the second was 
about I'lfi times as efficient as the first. In each case fa = ^ V H', 
and an examination of the table on p. 658 shows that the theoretical 
manometric efficienci(!s in the two cases would be approximately ’49 and 
•63, the ratio of these being 1'28. 

Again, since:— 

W = -ffcos^c^y} 

it follows that the necessary peripheral speed increases with the working 
head, so that, because of increased frictional losses at these high speeds, 
it might be inferred that the higher efficiencies are to be expected with 
comparativ(!ly low working heads—a view which, in the ordinary tyjie of 
single impeller pump, is borne out in practice. The minimum per- 
missil'lo value of y increases with the working head, and while for heads 
of about 10 fe(!t it may be as low as 15°, it iiicroases to about 25° with 
80 feet head, and for heads of upwards of 60 feet is pot genai illy less 
than 35°. In the modei’ii types of high-lift pump, however, 
great care is taken to polish every part of the impeller so as to 
rednee friction losses to a minimum, and under such circumstances y may 
be reduced to as low as 20° against heads of from 90 to 120 feet with 
excellent results as regards efficier.^j. * 'v 

Although a high efficiency is to be aimed at in the design of a pump, 
this is not the onlyfactor which may affect the most suitable value of y. 

From (15) wo have _ 

fa = sin y V ui — 2 g H', (16) 

and if ha feA is the width of the impeller ^t the dischurging periphery, 
and n the number of vanes each of effective thickness t feet, the area of 
the wheel passages at the periphery is 

/Ij = 2 T rs ba — n t bj cose6 y, 

while y = /a ^8 = -da siji y V Ma” — 2 p fl'. (17) 

• " P roc. Inst. 0. E.,” Vol. xlvii., 1876-77, p. 267? 
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On differentiating equation (17) with n-spcej; to H', we finally get. 


d Q 

Im 




Q 


and, therefore, other things being equal, ‘will have its leaqt value 

when sin y has its greatest value, i.e., when y = 90°; that is; to say, the 
change in delivery head corresponding to a chang<f in the volume 
delivered by the pump, will be least when radial tipped vanes are 

’""tVos is of importance hi the case of a high-lift pump used for boiler 
feed purposes where the quantity pumped may he varied, hut where the 
delivery pressure is required to remain approximately constant, and for 
this purpose radial vanes are most suitable. The same reasoning applies 
to the case of pumps for elevator work, where the delivery pressure is to 

be approximately constant. i ' 

Also, where a pump is required for dry dock or similar work, the 
possibility of obtaining a large increase in Q as II diminishes with the 
emptying of the dock, renders the radial vane typo most suitable, tor 
although the increased volume necessitates a largely increased powbr, 
this is in general unimportant as compared with the reduction in the 
time necessary to empty the dock. 

Where a pump is eledtrically driven, however, this large increase in 

power with a reduced head inyolves the danger of overloading the motor, 

and this is more particularlf the case when iiidiictioii motors are used 

and where speed variation is in consequence impossible. In such a case 

backward curved vanes are essential, for, since the horse power is prop ir- 

■rtional to H' Q and therefore to _ 

ir Aa sin y </ ^ 3 U' 

we got, on differentiating, « 

d(II'Q)_. ■ f -J/ 

■ - - ^3 sin y I ^ 

This expression diminishes with y, and indicates that the ratp of increase 
of the horse-power with a diminution of head is less the smaller the value 

° Again, with a pump initially designed to work against a certain head, 
if the vanes are radial, the possible diminutioA in speed is very small,.ba 
increases as the backwasd curvature of the vanes increases. With tadial 
vanes, indeed, the pump .ceases to lift altogether when the speed falta 
sUghtly below that corresponding td normal working. K 
Jwhpre the working head cannot be accurately predetermined, the 
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FlO. 326.—Characteristic Curves froi^ 4-Stage Quadruple .High-Lift Pump with 
Eadial Vaues. 
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with recurved vanes has a great advantage in virtue of its gre,ater 
adaptability to suit varying conditions without serious loss of efficiency. 

If, on installing a pumn the head is greater than that for which the 
vanes were designed, less than the rated quantity will be delivered, or in 
an extreme case the pump will not lift at all. Oenerally a slight increase 
in speed will rectify this. 

If, on the other hand, the designed head is greater than the actual, the 
delivery will be increased, and the engine qr motor may be overloaded. 
This may be rectified either by reducing the spued or, and in general 
' preferably, by slightly 



throttling the discharge, 
so as to increase the head 
artificially. In either 
case, the possibilities of 
perfect adjustment are 
much greater with re¬ 
curved vanes. 

These points are well 
brought out by a corh- 
parison of Figs. 32.')* and 
326,’ which show the 
characteristic curves from 
a low-lift pmnj) having 
recurved vanes with an 
angle y ai)proximately 
80”, and a bigh-lift quad¬ 
ruple pump with radipl 
vanes, the speed being 
constant in both cases 


Thif^rin the pump with radial vanes, a 10 per cent, diminution in head 
about the point of maximum efficiency is accompanied by a 23 per cent, 
increase in B.II.P., while the same'percentage decrease in the second 
pump only involves a per cent, increase in B.H.P. ^ 

On the othei: hand, the corresponding increase in the volume^ delivered 
is SI’S per cent, with radial vartes as against only ITT .per cent, in the 
Other pump. A glance at the two curves shows that the efficiency falls 
off much more rapidly with varying conditions when the vanes are radial. 

Fig. 327 indicates approximately the effect of a variation in On the 
'‘speed (angular velocity) required to deliver a given volume of- water, 


J By coarteey o£ (he Buflalo Forge Company. 
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where the head is constant. Here the lowest points A and A' of each 
curve indicate the minimum volume the pump will lift, and the speed 
below which pumping will not take place., Obviously the minimum 
speed is increased and the minimum quantity diminished by any recur- 
vaturS of the vanes. 

Pump ufed for Circulating Purposes.—Where a centrifugal pump is used 
for circulating water through the tubes of a surface condenser or of a cooler, 
and where the actual height of lift is small, the resistance to flow, and 
therefore the head against which the pump works, varies approximately 
as the scpiare of the velocity of flow. In such a case .he suction and 
delivery pipe line is often arranged so as to form a syphon, in which case 
the whole work of the ))nmp consists in overcoming frictional resistances. 

/' L ( •'■*. 

Here, putting II' =■' in equation (17), p. 659, we get:— 


/s=siny\/ 

m 

and since v is proportioned to,/]) for all sjiceds, 

.-. /], a M)| = U 113 for all speeds. 

Equation (13) now hocomes : — 

^_ 1 — cosec 
* (J — II cot y)’ 

so that the hydraulic cflicieiicy is indeiiandent of the speed of rotation. 
Since this discussion neglects frictional losses ,ii» the wheel which 
increase with the speed, the actual efficiency will then diminish as the 
speed increases. • 

(2) Pump with Whirlpool Chamber.—The same general considerations 
ppply to the case of the pump fitted with vortex chamber or guide vanes, 
as to the. simple pump, though modified to some extent quantitatively. 

Where a whirlpool chamber la fitted we have, froin (9) on equating 
the gain of pressure head in the pump to the head pumped agaiitsv, and 
assuming v = ,/]):— 

K (ir/ +.1?) (1 — -t —fa^ cosec ’‘y =‘i g TV. 


Putting W'D = 1(3 — fa cot y, we get 
K{%— fa cot y)“ (1 — c“) + ’'s’* — fa^ cosec V + K J'^ (1 — c’) 

= 2glf, • (18) 


from which fa may he found in terms of tho peripheral speed and the head. 
The efficiency f is thus equal to— 


0 


W I N (1 - o'") + 1 


; + cosec V 
— ‘2 7v nffa cot y (1 


2 «8 (»'3 — fa cot y) 


A'(l 


■ <") ■ 




( 1 ?) 
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Putting AT = 1, i.e., neglecting losses in the whirlpool chamber, this 
reduces to— 

' — y (1 — c“) 

~ 2 {lu^ — Us jit cot y) 

Assuming fs — \ i«s, the following table traces the variation 'in this 
eflSciency with a change in y in the ideal cases when K — 1,' and when 
K=-5. 


Efficiency. 


J 


r* 

y = 

90°. 


60°. 

7 = 

45 ° 

7 = 

30'’. 


K= 1. 


A' = -1. 

K = -3. 

A = 1, 

K = 

X ^ 1. 

K= -5. 

100 ‘ 

•409 

•409 

•63.0 

••'iH.'i 

•684 

•684 

■661 

•001 ‘ 

1-25 

•f)60 

•.'•>04 

•fiO'i 

•018 

•734 

•658 

•783 

•737 

1-60 

'7M 

'01 .'I 

•79H 

•663 

■81.“. 

•698 

•8.52 

•772 

' 1-75 

•m 

•C47 

•848 

'694 

•863 

•724 

•890 

■79n 

200 

•807 

•070 

•88B 

•7]0 

•89.'; 

•733 

•915 

•800 

s-oo 

•1)41 

•700 

•OIS 

•74.‘) 

•o.'iS 

■769 

•963 

•830 

t 


From these results it is evident that with an eflicient whirlpool 
chamber there is very Jittle advantage to be gained by giving the 
vanes any considerable backward curvature. Moreover, as these 
efBciencies do not take in^ account friction losses which increase 
as y di&tinishes, ^the actual advantage is less than appears from the 
table. 

(8) Pump with Guide Vanes or Diffuser Ring.—As previously mentioned, 
’^'Experiments tend to show that with well designed guide vanes on the 
discharge side of the wheel, up to 75 per cent, of the kinetic energy of 
' disckflge may I)e converted into prc'ssure energy, so that the gain of 


energy per pound in the guide passages will be givep by 


k + ./s”) 


where k has a maximum value of about '75. “ 

The total gain of pressure head in the pump is now equal to 
k (ws^ 4- .fV) , «8^ +'/a’ - /a* cosec V _ u' * 

+ 2.7 ^ 2 ^- 

.Assuming 5 = /a and putting wg = ug - fg cni y, we get 

k («3 — fn cot y)* + cosec ^ + fc /»“ = 2 j H' ■ (20) 

^^or 2 gH' = H^{k + 1) + cosec ^ i(fe — 1) — 2 /c M 3 j^a cot y. 


> Ko whirlpool chamber. 
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The efiaciency i)' of the pump is thus given by— 

- 1 " 3 “ (fc + 1) 4- cosec V (fc - 1) - 2 fc M 3/8 cot y - 2 ^^ 

“ 2 wa («8 — /a cot y) 

Giving k the value '75 and taking /a i %, we get the following 
value* of ij':— 


• 

y 

!)0° 

75° 

60° 

45° 

80° 

v' 

•807 

•875 

•884 

•896 

•921 


Hero again, any large reduction in the value of y, by necessitating an 
increased speed of rotation, is likely to reduce rather than increase the 
overall efficiency. 

For the guides to he efficient it is essential that their angle of 
divergence be about 11°; that the vane angle a be so designed as to take 
the water without shock, on leaving the wheel; that a sufficient number 
of guide vanes be used to efficiently direct the mass of water, four being 
about the minimum; that the areas of the guide passages at the exit 
from the wheel should be proportioned so as to keep the velocity at 
entrance, the same as on leaving the wheel, and that all guide curves 
should be smooth and gradual. 

Since the whole object of the guides is to neutralise the evil_ effects of 
a high velocity of discharge, their relative effect will be greatest where 
this velocity is greatest, i.e., with radial pump vanes when delivering 
(gainst a high head, and will be least with recurved vanes and a low 
head. For this reason, and since large percentage variations of head are 
more likely to occur where this low, the diffuser ring is seldomJitte4 
for heads under about 80 feet. 

The gain in sverall efficiency attainable by its use naturally varies 
considerably, but may be taken as between 10 per cent, and 20 per cent. 

Art . 177.—Compound Multjplb Chambp Pump. 

Where a number “n ” of impellers mounted on the same shaft are used 
in series so as to form a compound high-lift pump, the impeller diameters, 
and vane anglas are made the same for each chamber, so that each 

impeller gives a total head = ^eet. If, in the foregoing theory then, 
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H' 


H' be replaced by -- , the deductions also apply to the compound 


pump. ^ 

The work done on the shaft per Ih. of water, ] n ^ 

neglecting frictional losses, is now given byj 


q TV 

the manometric efficiency v' by - - 

while neglecting friction the power required 
to drive the pump 


<J 


T50 - 

.0.50 t; 


ir Q . 

5.50 (/ 


It H'a Vit B.ii.r. 


Aut. 17B. General Equation for Pump. 

From equation (11), p. 658, mi have 

2 fl IV — Ha’* + I'l'x ~ coscc }• 
for any pump, and since 1-3“ = 11-3 + 

= ("3 — .i'acoty)’* +/■.? 
the foregoing relationship can las written - 

2p7/' = A Ha" + + (\l? 

= a A’“ + h K Q + c yl 

Where N = revs, per min.; Q = discharge; and where A, B, G, a, h, c, 
are constants for any particular pump. It follows that if the speed, tlie 
discharge, and the head he measured for three different speeds, discharges, 
or heads, the values df those constants may he obtained and the d 
calculatei.fDr any other speed or head and virt; rend. 

Art. 179. —Peripheral Speed of a Pump. 

If TV = total head pumped against, including friction lieii-d, we have*' 

V =__ 

‘ %(»3-^/3COt y)’ 

BO that with a perfect pump in which all losses were negligible, the 
peripheral velocity of the vanes at distharge would be ^veu by 
«8 ("s — /a cot y) = g IV. _ _ 

and with radial vanes we should have = J g IV. As y diminishes 
the peripheral* speed increases, while any diminution in “efficiency 
naturally necessitates a higher peripheral speed again, so that actually 
wnhaveHa = k J y //', where k depends upon y'^, upon the value adopted 
7or/a; and upon the ty|)e of pump. In practice it is^ usual to make 
■’ft from [’‘i to ’3] H3, the co-efficient increasing from about •2l when 
y == 15“ to '29 when y = 90“, while k is given a value between. 1‘2 and 
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1’8, increasing from about 1'2 in the case of a well designed pump with 
whirlpool clfamber or guides and with a value of 7 = 90°, to about 1‘8 
in the case of a pump having a volute chamber only, and a value 
of 7 = 15°. 

This* makes/a = J V .'/ If' (approx.). In the case of a pump dealing 
with a larfjo head in a single chamber this, however, gives an excessive 
value of fn, and in such a case the value may be reduced to as little 
as J <j ii'. 


Aut. 180.—SrEED AT WHICH Pomi’ino Comme/.ces 


Even if a centrifugal jiump be primed, there will be no flow through 
the delivery pijie until the jirossure difference through the wheel, which 
depends entirely on the speed of rotation, is sufficiently great to overcome 
the total head of lift, the pump until then merely sustaining a stationary 
column of water in this pipe. 

If the suction lift is If, f(!et, the pum)) will not maintain its charge 
without a foot valve on the suction )iii)0, unkiss the speed is sufficiently 
great to cause a pressure difference of more than If, feet between the 
pump inlet and outlet. 

Assuming uniform rotation with no flow through the pump, the 
pressure difference in the forced vortex becomes— 

-’■'-rr-,=~ rr~ feet,/i *nd/a being zero. 

11 Z (J 

For the pura)) to remain charged when once fill()d we mu«t have— 


{n? - «■./) 


<1 


- > 7f feet. 


while for delivery to take place we must have— 




Once free flow^is established, the state of affairs changes. A further 
increase of pressure is now neceso 'iry to overcome frictional resistances, 
and in the cage of a pump not fitted with vortex chamber or guides this 
necessita^ps the speed for free delivery being slightly greater than is given 
above. A reduction of the speed below this limit wiil cause pumping to 


cease. 


With a whirlpool cl’imbor, or gujde ring, however, once flow is 
instituted part #if the kinetic energy of flow through the wheel is con¬ 
verted into pressure energy, so tlMit the speed may be reduced below that 
necessary to initiate flow, without pumping being stopped. 



HfDRAULICS AND ITS APPJilCATION ^ 


«68 

Owing to viscosity moreover, even though the pump 1 ■! not actually 
discharging, the water in the vortex chamlwr will be al hctcd by the 
rotation of the impeller, Md will, to a certain extent, form a free vortex 
with t& pressure greatest and the velocity leant at the caitside. This 
reduces the speed for impending delivery by an amount which depends 
on the design and construction of the vortex chamber, and for^he calcula¬ 
tion of which insufficient experimental evidence is availabfe. Experi¬ 
ments * on a series of pumps having radial vanes with impellers 8‘818" 
outside and 6‘375" inside diameter, and with a .vortex chamber 11’875" 
diameter, shoijed that when on the point of impending delivery this 
served as a true vortex chamber, the value of K (p. (;54) being 
about '5. 

In all probability this effect wouhl i;ot be so prono'.need in a pump 
having a proportionately larger vortex cb.nnbei-, 

Abt. 181.—Si/e of Pujip for a (Ijve.v l)iscii oi t mii.mi 

rROI'OIlXIONS OF I’l MI'S 

Por a given speed of rotation and a radii; o,, i'dirf> itdc'! in 
pressure between inlet and outlet, and tinn fore th., bead painped an;, nst, 
increases with the difference between ihe inner and outer rcl i of the 
impeller rs and iv Since, too, the propoi(ional effect of disc frii tion ( a 
see p. 180), diminishes rapidly as the radius diminishes, the inner radius 
should, for efficienaj\ be made small. This may be aeeomplislied, keep- 
.ng the discharge constant, 1^ increasing the velocity of flow /a, but with 
1 large sfction head a limit to this maximum velocity is soon reached, and 
in practice it is usual to make the inner radius from J to | the outer 
(fa = 8 j’j to 2 I’a), the former value being preferable. 

^ Again, since the head pumped against is approximately proportional to 
1*3*, i.e., to a given head may be obtained either by an increase 
m arXJr in r. But Q oc fs fa ba, and assuming/a to be proportional to Wa, 
we have i— 

Q oc iiiTa hs, 

X 01 ra^ ha, 

H' IS 

y ® fts' 

. It tollows that lor large values of //', in order to avoid excessive values 
of.m, the value of 65 should be comparatively small. 'Jhis is borne out 
jp practice, where the bf'eadth 63 of the impeller at the rim is^iisually 

• “Bulletin of the Unirersity of Wisoonsm,'^’ No. 178. Vol. III. No. 6, p. 447. 

C. ]B. Stewart. 



CENTRIFUGAL PUMPS 


669 


proportional to the radius and has a value ranging from J rs to rs, the 
former value applying to loV-lift, and the latter to high-lift pumps. 
Putting 5s i'», we have Q x u rs® g 

II' ID ?(8 

• QC CC o OC a "• 

Q rs tfa 

While t^is is not strictly true in the case of an actual pump, yet it 
shows that in every case for a given value of H' and of Q, there is 
a definite value of r for maximum efficiency, this value, however, 
depending on the relative magnitude of the frictional losses. 

Since, in a perfect pump, with radial vane tips, we haye g H' = «s', 

while Q X 1% r^, if the ratios, and -S-,be plotted this enables a 

comparison to be made between the performances of different pumps. 


Professor Rateau terms the ratio 



the manometric efficiency; the 


ratio —^—2 the volumetric efficiency; and the ratio of the product of 

% '/’a 

these, viz., —^ to the mechanical efficiency —-r, —the 

11 / •' U 

co-efficient of transmission to the pump shaft. The latter thus 

equals— 


gH' Q IJ __ qJJ__ 
u/ ■iHr/-WQIl’-\Vv/r/ 

The three curves showing the mechanical efficiency, the manometric 
efficiency, and the co-efficient of transmission, on a base of vpluraetric 
officioncies, are then termed the characteristics of the pump, and if drawn 
for a given pump apply to any similar pump of difl'erent size, so long as 
ttie previous relationships hold, and therefore so long as 

(1) The peripheral speeds are nroportional to II '; 

’ / ijf 

(2) The revolutions are proportional to ’ 

(3) The quantify discharged is proportional to iS® »/ II '; 
where S if the ratio of similar linear dimensions of the two pumps. 

The same conditions hold for identical results to be obtained from two 
similar pressure turbines. 


Abt. 182.—Pemaeks on Thboev of Pomp Design. 

None of the fundamentel assumptions made m the foregoing discussion, 
are accurately true. Thus the asenmption of radial motion immediately 
before entering the impeller is certainly incorrect since viscosity must 
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oause a deflection of the lines of flow in the direction of rotation before 
the wheel is reached. This has the effect of iticreasing the value of the 
inlet angle |8 for entry in^ithout shock at atiy given speed of rotation, 
though experimental results are too scanty to allow of the magnitude of 
this effect being calculated. " 

The assumption that all particles of water on leaving the impeller have 
the same velocity ?'3 and are moving in paths making an angle y with 
the tangent to the periphery, or that Ws = 1 ( 3 . — cot y for all particles, 
is also incorrect as appears from the results of experiment. A measure 
of the error inyolved may be obtained by comparing the actual and 
theoretical manometric efliciencicis, for if from the energy expended in 
driving a pump, that necessary to overcome disc and mechanical friction 
be deducted, the remainder should equal 1/3 n'a -i- // foot lbs. per lb. of 
water. If the ratio of the measured manometric head to this 
quantity he termed the experimental manometric efficiency, the ratio 
of the theoretical and experimental manometric efficiencies will be a 
measure of the ratio of the true Wt to that given by the foregoing formula. 

The following results from tests of a pump by Mr. Parsons * have been 
jhosen to illustrate this point. The details of the pump are as follow: 

I'a = 9'25 inches; >2 = 4'()25 inches; = 5‘75 indies; y = 15°; 

8 = 40°; 8 vanes, assumed g inch thick for purposes of calculation. 
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•042 
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•015 
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*001 

•000 

•017 

14 
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•573 

•501 

•os:{ 

.18 

17-4(1 

4-01 ^ 
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12-!K) 

7-00 

•02:> 

•51)0 

•045 

22 

•■'J60 

4-08 

430 

13 01 

y-3:> 

■087 

•015 

•805 


j Meiin ... '1)35 

In these experiments the mean power necessary to overcome the 
Iriction of the pump bearings and driving belt and the disc frictLn of the' 
Jump was found to be 1'37 H.P., and this value has been used in deducing 
ihe values in column 6. 

Again experiments on ai,i experimental pump, = 4‘41 inches; fa = 
inches; 5a = = 1-125 inches; y = 90°; ;8 18° 50', e^t the 

“ I’roc. Inat. C. B.,” Vol. 63, p. 271. 
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Madison University' 

give the following values for the ratio of 

calculated 

to observed fnanometric efficiency. • 


Series 1. 

24 vanes, area of waterways T.L’easing . 

•910 

Sjries 2. 

24 

„ ,, „ constant 

•910 

Series 8 . 

i .2 

„ „ „ increasing . 

•875 

Seriel 4. 

12 

,. „ „ constant . 

•846 

Series !). 

6 

„ ., „ increasing . 

•75 

Series 6 . 

G 

„ „ „ constant 

•68 

From these and similar results it appears that jca is aWays 

less than 


is given liy the formula jc:, = v-j — eot y. This is probably due partly 
to the fact that a dead water space which is not utilised for discharge is 
formed on the rear side of each vane, thus increasing the radial com¬ 
ponent/i,, and partly to the fact that only those layers of water near to 
the driving edge of the vane are discharged parallel to its tip. Thus the 
true mean values of fa and of cot y are both greater than the apparent 
values. It also appears that the ratio of the true to the calculated value 
of u\i increases with the number of vanes and hence as the guidance of 
the water becomes more perfect, hut diminishes as the width of the 
passages is reduced, probably because the dead water space then forms a 
proportionately larger part of the whole discharging area. 

It also diminishes slightly as the discharge increases, and as the angle 
y increases. 

The following may be taken as approximate vUlues of the ratio, in 
pumps of normal design:— 

M’g experi mental. 
tf’g calculated. 

Pump upwards of 20 in. diameter ; 12 or more vanes— 



y from 15° to 30° 

•97 


„ 80° to 6(1° 

•95 


„ 60° to 90° 

•*P> 

Pump 10 int to 20 in. diameter; 

12 vanes— 



y from 15° to 30° . 

•93 


„ 80° to 60° . 

•90 

- 

„ 60° to 90° . 

• # 

•87 

if ft »» if 

8 to 12 vanes— 


- 

V^from 15° to 30° . 

•90 


„ 80° to 60° . 

•87 


„ 60° to 90° . 

•84 

• “ Bulletin of the Onivertity of Wisconsin,” No. 17S. 1907. 
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Pump 10 in. to 20 in. diameter; 6 vanes— 

y from 15° to 30° . ■. ‘SI 

„ 30°toG0° . . -78 

„ 60° to 90° . . -76 


The values point to the absolute necessity for proviaing a sufficient 
number of wheel vanes where a diffuser ring is fitted, and whe';e,'in con¬ 
sequence, serious loss by shock may occur if the guide vane angle is 
designed to suit what may be a fictitious direction of outflow from the 
impeller. ^ 

Art. 183.— Balancing of End Thrust. 


End thrust on a pump shaft having one or more impellers with single 
axial inlets is duo to a number of causes. 

(a) To the difference of pressure at a given radius on the two sides of 
the vane shrouding, due to the fact that while the water hi the impeller 
is rotating in a forced vortex, tliat outside the shrouding is in a state of 
comparative rest, and therefore exists under different pressure conditions. 
This is by far the most important factor in producing end thrust. i 
(h) To the fact that if the discharge diameters of the shroudings in a 
double cased pump are equal, there is an unbalanced pressure on the 
portion of the shrouding (ipposite to the inlet opening. This produces a 
thrust in the direction of infloiy and so tends to balance (a). 

(c) Sinqe'the water is tak^ in axially and diverted radially, it suffers 
a change momentum in an axial direction, and this change of momen¬ 
tum can only be produced by an a£ial force transmitted through the shaft 
't6 the impellers. 

Thus if V is the velocity of axial flow through the supply passages; Q 
the discharge per second; and n the number of impellers, this change of 
momeoium takes place »i times in the pump, and the total end thrust on 
the ^aft due to this cause is given by— 



• ® lbs. 


This thrust also acts in the direction of inflow. 

Apart from the syttein of arranging the impellers in pairs placed back 
to back, each pair thus being in balance, four methods of balancing are in , 
.use:- 

, (n) By radial balancing vanes mounted on the rear face, of the 
"ponding (Fig. 305). , 

By making the diameter- of shrouding on the entrant side great.^ 
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than that op the exit side, the difference of area being just sufiScient to 
balance the pressure difference (Fig. 316). 

(c) By a rotary balance piston or disc ko/^d to the pump shaft, one. 
side being exposed to delivery pressure, and the other to the pressure on 
the suction side of the pump (Figs. 314, 316, 316). 

(d) By^elieving the pressure over a certain area behind the shrouding 
by means of a rotating balance ring (Pigs. 306a, 307, and 317). 

Whichever of these methods is adopted, with the exception of (c), the 
wheel will only be in perfect balance at one speed and with one rate of 
delivery, and in such eases it is necessary to arrange a thrust block to 
take the end thrust caused at starting or stopping and in the case of a 
variable load. 

These methods of balancing will now be considered in further 
detail:— 

(a) Eadial Balancing Vanes.—Since it is impossible to keep the joint 
between the outer periphery of the shrouding and casing tight, the space 
behind the shrouding will be full of water normally at delivery pressure, 
and sinco the mean pressure in the wheel is considerably lees than this, 
the resultant effect in a single shrouded wheel (Fig. 306) will be an axial 
thrust of considerable magnitude, in the opposite direction to that of 
axial flow. 

If a series of holes be made through the disc, as indicated in Fig. 305, 
the pressure at this radius on both sides of the shrouding will be equalised, 
and there will be a constant circulation of water past the rim of the 
impeller, behind the shrouding to the zone of low pleasure, and out to 
the working side of the shrouding. 

• While the axial thrust is then largely balanced, this leakage is produc¬ 
tive of inefficient working, and the method, though often adopted in 
turbine practice, is inadvisable. 

If, however, shallow radial vanes are fitted to the rear face o? the 
shrouding, the woter in the clearance space is forced to rotate with vortex 
motion, and in consequence its pressure diminishes from the outside, 
where it ha'- a definite value, to the inside, following approximately the 
forced vertex law. The degree to which it deviates, from this law 
depends on the amount of side clearance between the balance vanes and 
the pump casing, any increase in this clearance, by reducing the mean 
angular velocity, tending to increase' the njean pressure behind the 
shrouding. By* suitably segulating the clearance and the radial length 
of the balance vanes, the whole, 8r any portion of the axial thrust, may 
thus be balanced. 
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For example, in the wheel shown in Fig. 806,^ the pressure in the wheel 
itself varies at different radii owing, firstly, to the production of a forced 
vortex, and secondly, to th(. necessity of maintaining an outward flow. 
In the clearance space to the right this outward flow is absent, so that 
the difference of pressure on the two sides of the shroudug at a radius r 
is given by the pressure necessary to maintain this flow, and if,p, repre¬ 
sent this pressure intensity in pounds per square foot 

Pf _ Pa , jVr - tVt 

W~W'^ 2g ' W 

This assumes the law of pressure variation in outward flow to be the 
same as in inward flow, i.a., neglects losses of energy due to eddy forma¬ 
tion, and since this loss varies with the form and number of the blades 
(i.e., with the rate of their divergence), becoming less as the number and 
curvature of the vanes is increased, the theory is to this extent unsatis¬ 
factory. Allowing for this, we have:— 


Pr _ Pa 1 ^ 

W~ W'^ 2g ’ 


(?) 


where is a co-efficient, varying probably from about ‘7 in the case of 
radial vanes to 'SS with vanes having a delivery angle of 30°. 


Now .. ^ 

And ,r "=/, cosec 6 , where $ = angle made by the vanes at this radius 
with the tangent to the corresponding circle. 


Hr - |Pa I + * // cosec W 

W~ [IV'*' 2 g I 2 g ' 


(8^ 


The axial force F may be obtained by dividing the disc into a series 
of oSncentric elements, and by obtaining the relative velocity at the 
mean radius of each element by this method or by the graphical con¬ 
struction of p. 568. The unbalanced force on each element .may then 
be calculated by an application of equation (2) above, as shown on p. 554, 
and the sum of these, taken over the whole area, gives the vesultant 
axial force. 

■ Equating this to the unbalanced pressure on the inlet sidfi of the 
shrouding produced by the axial change of momentum of the water, and 
to the unbalanced pressure' on the remaining annulus of' widtff^ra — i<«, ’ 
on fixing Ri the required outer radius jF4 may be determined. 

Where balancing .vanes are fitted they should not be too deep 
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Bliould work with the minimum possible clearance over the face of the 
casing, which should be machined and painted. It is probable that vanes 
about I inch deep and with a side clearance lot exceeding ^ inch would 
give good results. Balancing vanes, however, in any case greatly increase 
friction losses 190), and in view of this and of the impossibility of 
obtaining* exact balancing by their use, are seldom fitted on modern 
pumps. 

(b) Here (Fig. 316) the diameter of the shrouding on the side remote 
from the entrance is reduced so as to make the total area of the 
shroudings approximately equal. 

The clearance space pressures are thus balanced, and the excess of 
pressure on the inlet shrouding due to the greater pressure at the outer 
radius of the runner tends to balance the pressure in the opposite 
direction due to momentum changes. This method also is impossible of 
exact calculation, and is therefore only suitable when used in conjunction 
witii a thrust block or balance piston to take up any minor unbalanced 
thrust. 

(c) Where a balance piston is used (Pig. 316), leakage past this piston 
is slight, and by adjustment of a valve on the pressure pipe P, which 
adjustment may be automatic, the pressure may be very accurately 
adjusted while running, to suit any condition of working. 

In the pumps shown in Figs. 314 and 315, the shrouding area 
which is exposed to the discharge pressure from cftch impeller is con¬ 
siderably greater on the side removed from the inlet, and consequently 
the nett pressure is from right to left. To counterbalance this a balance 
piston or disc P is fitted, exposed to pressure water from the last impeller 
oo its left hand face. This works normally with small clearance over the 
fixed casing at C. When the pressure to the right becomes equal to the 
full discharge pressure it is more than sufficient to counterbalance the 
end thrust on the impellers, the spindle moves to the right, the clearance 
between piston or disc and casing is increased, and the pressure water 
escapes into the low pressure chamoer Ji, relieving the end thrust on the 
piston. The regulation is perfectly automatic, the spindle taking up a 
position in which the clearance is just sufficient to maintain the necessary 
pressure in the space to the left of the balance disc. In view of the 
simplicity and automatig nature of this device it promises to become 
general on all modem high speed pumpd. • 

(d) In this method of balancing (Figs. 306a, 807, and 317) the outer 
diameter of the balance ring. i8 made slightly less than that of the 
impeller at the packing ring P, while a series of* holes through the 
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shrouc equalises the pressure in the interior of the balance ring 
and of the impeller. 



Fio. 328. 


'This is then approximately in balance, the 
slight reduction in the diameter of the bfvlance 
ring creating an excess pressure towards the 
inlet, which counterbalances the chanp of axial 
momentum of the supply water. 

Brass packing rings are fitted at P (306a) to 
prevent leakage of pressure water from the 
clearance space into the balance ring. 

A somewhat analogous method of balancing a 
single impeller is shown in Fig. 828. 

Where a centrifugal pump is fitted with a 
vertical shaft, the whole weight of the pump 
and driving shaft may usually be balanced by 
an application of the preceding principles; while 
exactly the same reasoning applies to the balanc¬ 
ing of the axial thrust on a turbine shaft. 


Abt. 184.— Examples of the Design of Cbntrifcgal Pumps. 

As an example of .the application of the foregoing formulae, the main 
points .in the theoretical design of one or two typos of pump will now 
be conside. ed. 

(1) Low-lift pump—12 feet working head—to deliver 6,000 gallons per 
>|ninute at 220 revolutions. 


Assume 


/a = W 2 5 ~ ^ 12 = 6-95 f.s. 

' y = 80°. 

«8 = 1-6 ^Yh' = 3V5 f.B. 


== 1= 62^W5 = 

, = 332 square inche 

Fa = I ~ ^ ~ ^ inches. 


• ■ • = o — o — v. If! A = ^•22 inches. 

2 ir fa 2 «■ X 16-4 „ 

> AMuming a ratio ~ this makes t-j = TS inches, and if the vfine. 
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breadth at inlet be increased to 4'5 inches so as to reduce the velocity of 
flow at this* point, this makes 


/a —fa X 


3-22 „ 6-95 X 3-22 X 2-25 

T 5 'X 2 - 26 =-!- 


11-20 f.s. 


Siilte/a = Jfa tan we have:— 

. ' fi 11-20 

• tan^= = .r,-r = 
Hi 31-5 

2-25 

(3 = 38° 39' 


11-20 X 2-25 
31-5 


= -800, 


giving the inlet angle for the vanes. 

(2) A pump—50 feet working head—is fitted with a whirlpool chamber 
whose radius is twice that of the impeller, and whose efficiency is 50 per 
cent. The pump is to deliver 5 cubic feet per second. Determine its 
leading dimensions—its speed of rotation—its hydraulic efficiency, and 
the probable H.P. necessary to drive it. 

To begin with, we will assume that since the whirlpool chamber is 
fairly efficient and the head high, the value of y may be taken as fairly 
high—say G0°—so as to keep down the speed and friction losses. Also 
assume /a = J V 2 r/ 71 '. 

Q.AO_ 

Then/a = V 50 = 7-09 f.s. 


Now substituting -5 for c and -5 for K in equation (18), (p. 663), we 
get— 

-5 («3 - 7-09 cot 60°)“ X ^ + «a“ - 50-2 cosec “g0° + 25-: x f 
= 100g = 3,220 
«a“ - 2-232 Ha - 2,378 = 0, 

or Ha = 49-9 feet per second. 

Since <77/ 7V = 40-1, thi- makes wa = 1-245 s/ g if. 

Next taking ba ^ we have /I 3 = 2 »r ra 63 = ^ 

,.2 

and since Q = Aafa = —f- X 7-09, 

OK 

we have* ra“ = = V122. 

.-. ra = 1-06 feet = I2f inches. 

.-. 53 = 1-275 inches. 

This neglects the effect ef the vane thickness. Since the vanes reduc 
the effectite discharge area by\ n ta cosec y, when the number ani 
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thickness of vanes has been decided upon the above value of ba must be 
increased in the ratio ' 

2 IT ro 

- f - 2 - 

2 T ra — n ta cosec 60“‘ 

Thus, taking eighteen vanes, each having a thickness at t^o tips of ^inch, 
this ratio becomes 

2 7rxm5 

18 74 8 

2 , X ms . 5 ^ ■ 

and the true breadth ha = 1'275 x 1'07 = 1'365 inches. 


Again < 


49-^ 

r-06 


- = 47'0 radians per second. 


60 ID 


.•. N = 75 — = 449 revolutions per minute. 

a TT 

49*9 

Assuming ra = 2’5 12 , this makes «a = = 19'95 f.s., while if the 

a 0 

vanes be broadened out towards the centre so as to keep the velocity of 
flow down to say 10 feet per second, this makes tan p — 


10 _ 
19-95' 


6012. 

The manometric efficiency, 
is equal to 


. (3 = 26° 37' 

__ 

Ms («3 — /a cot y)’ 


__^ IJIO ^ .705 

„ 49-9 {^9-9 - 7-69 X -5774) 2,282 

Probably mechanical and hydraulic frictional resistances will combine to 
Mnce this efficiency to about. ‘65. 

“ Taking this value, the work done on the pump shaft per second 

. . =-®^’^.J--'footibs. 

_ 62-4 X 5 X 60 
“ 550 X -65 “ 

The speed at which the pump begins to lift is given by 
, „,3_M2»=2//7/=3,220 

or * - 1 - 2 *) = 3,220 

, 3,220 _o 


U A WV 

<■550 X -65^ ■ 


1-06“ - •425‘'' 
<D’= 58-6 

60 X 68-6 


N = 


2 w 


s 65& 
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Thus the speed necessary to institute pumping is considerably higher 
than that necessary for •working once delivery has commenced. This 
assumes that until flow takes place the whir! pool chamber has no effect 
in converting kinetic into pressure energy. ''Actually, however, owing to 
viscosity, the actual speed for lifting to commence is somewhat less than 
that indicated aOove. 

(8) Compound high-lift pump, fitted with guide vanes and vortex 
chambers having a pressure conversion efficiency of 75 per cent., to 
deliver 5 cubic feet per second under 300 feet head. Assuming a lift of 
60 feet in each of six chambers; y = 60°, fi, = ^ V ‘2 g H'; and considering 
each chamber as a separate pump, we have, as in example (2),/a = 7’09 f.s. 

Then, taking we get, as before, 6a = 1*275 inches, or, allowing 

for the same vanes, bs = 1*865 inches, while ra = 1*06 feet. We now 
have the factor k of equation (20) (p. 664) equal to *75, and this equation 
becomes:— 

*75 (t(.3 - 4*09)2 ^ _ 66*95 + 37*6 = 3,220.^ . 

.*. Mg'® - 8*51 Ma - 1,850 = 0. 

*.* Wa = 44*76 f.s. 

This makes — 1*116 V g H'. 

Also N = z= = 403 revolutions per minute, while 

2 TT j*a 2 TT X 1 Ob ’ 

since tan a =-—:— = ., . „„ = *1744, this gives a 

— Ja cot y 44*76 — 4*09 ” 

guide vane angle a = 9° 54'. 

Assuming us — /a cot y or tvg to have *96 times its theoretical value, 
p. 671, this makes tan a = *1834 and a = 10° 24'. 

all' 

In this case the manometnc efficiency ——r—; 

«a (Ms —/a pot y) 

_ 1.610 ^ 1.610 _ 

^ “ 44*76 X 40*67 1,822 ■“ 

Frictiona- losses would probably reduce this to about *80, so that the H.P. 
would be equal to 

62*4 X Q Xnll' 62*4 X 5 X 800 
550 X *80 - S60 X *80 “ 

ExAMeLfiS. 

(1) A centrifugal punfp is 4 feet in diameter and makes 200 revolution! 
per minute, delivering 64*8 cubic feet of soa water per second, against f 
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kead of 20 feet. The discharge area = 8'33 square feet, and the discharge 
angle y = 26°. The ratio = j. 

Determine the manometric efficiency, and, assuming a loss of 10 per 
cent, in friction, the H.P. to drive the pump, and the ^eed at which 
lifting commences. ^ 

Manometric efficiency = •592. 

Mechanical efficiency = i‘492. 

H.P. = 306. 

Lifting commences at 198 revolutions. 


Answer. 


f2) The following are results obtained from tests of a centrifugal pump, 
having the following dimensions: rs = 15'25 inches; ra = 7'675 inches; 
bg = 8'0 inches; 63 = 4’0 inches; y = 80° 


Revolutions per minute . 

188-3 

202'7 

213-7 

Gallons per minute . 

1,895 

1,705 

1,976 

Lift in feet. 11' ... 

12-33 

12-58 

18-0 

Water H.P. 

5'22 

1 

6-51 

7-81 

Dynamometric H.P. 

8-11 

10-74 

14-02 

Efficfency .... 

64-5 

60-74 

55-72 


"•^Determine from this the value of vg for maximum efficiency in termq 
"■of and determine the hydraulic efficiency in each case. 

( 8 ) A pump delivers 8 cubic feet per second against 60 feet head, and is 
requited to rotate at 600 revolutions per minute. Making / = J V 2 g 11', 
and giving the vanes radial tips, settle the leading feattq^ps of the design, 
on the assumption that guides are fitted with a conversion e^ciencyof 
66 per cent. 

(4) A pump hqs an inner radius of 1 foot, and an outer radius pf 2 feet. 
K is not fitted with \fortex chambbr or guide vanes. 

•Determine the speed at which lifting will commence against heads o| 
,10,20,40 and 60 feet respectively. 

Answer, 99; 140; 196; 242 revolutions per minute.' 

'( 6 ^ A pump is intended to lift 25 cubic feet per second against a 
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ol 16 feet. A- model is made and delivers 1 cubic foot per second against 
16 feet head when making J.,450 revolutions per minute, then giving its 
maximum efficiency. The radius of the modd impeller is 4‘5 inches. 
Determine the speed and radius of the large purtip for maximum efficiency. 

• ' I Eadius = 22'5 inches. 

• >^wer. I _ 290 revolutions. 

• (6) The peripheral speed of a centrifugal pump = 30 f.s. The vanes 
are curved backward so that the discharge angle y = 85°, while the water 
leaves the wheel with a radial velocity of 5 f.s. If 120 cubic feet of water 
pass through the pump per minute, determine the hyd.aulic turning 
moment on the shaft if the radius of the wheel is 2 feet. 

Answer. 177 foot pounds. 
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other Types of Pumping Machinery—Water Hoisting-»-The Hydraulic Earn—Hydraulic Air 
Compressor—The Jet Pump—The Injector Hydrant—The Air Lift Pump-Revened Air 
Lift Pump as Air Compressor—Humphrey's Gas Pump. 

9 

Art. 185.— Water Hoisting From Mures.* 

The method of direct hoisting of water in large tanks has come very 
rapidly into favour of recent years in the anthracite region of Pennsylvania 
for mine drainage purposes. 

The system has the advantages that in general, with the exception of 

the tanks, and the guides used for 
keeping these vertical while hoist¬ 
ing, no new machinery is needed, 
the only cost being that due to 
extra wear and tear of the hoisting 
engines and to the steam used 
while hoisting. Further, the whole 
of the operating machinery is on 
the surface and free from the 
danger of being flooded, while no' 
underground steam pipes, with the 
accompanying losses by condensa¬ 
tion and the danger of damage by 
a slip of the roof, are necessary. 
Cylindrical hoisting tanks are 

fig" s'i’-Mcthod'of Eud Dumping in direct now general, th&se having a couple 
Water-hoistiug I’lant. of butterfly valves in the bottom 

placed at an angle of 45° (Fig. 329). 

The tanks may discharge at t)ie top of the shaft either by overturning, 
or by automatic opening of the bottom valves. The former method is, 
preferable as rendering more rapid manipulation possible. With tanks of 

* For a descriptive article on this method of mine drainnge, see a paper by'vp. V. Norrif, 
before the American Inst, of Mining Enginee.t, 1903, or an abstract of this paper in 
oCasiier’s Magazine," tor May, 190A. 
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1,500 gallons capacity, the capacity of such a plant ranges up to about 
760,000 gallons per day of twelve hours. 

Art. 186.— The Hydraulic' Bam. 

The Bydraulic', am, which owes its conception as a practical machine 
to Montgolfer (about the end of the eighteenth century), is an apparatus 
devised to utilize the kinetic energy of a moving column of water to 
pump up part of this water to a height greater than that of the supply 
head. In its simplest form, the ram consists of an inclined supply pipe 



S(Fig. 330 «), terminating in a vr.lve box B. This valve box is fitted 
with a waste valve Fi, opening inwards, and a discharge valve Vi opening 
outwards and delivering pressure water into an air vessel A, from which 
it is delivered in alteady stream by-(he discharge pipe P. 

The action of the ram is as follows: The waste valve being opened, 
water is free to escape, and flow is set up along the supply pipe. The 
velocity of Sow increases imder the influence of the supply liead until the 
dynamic pressure on the under side of the valve becomes sufficiently great 
to overcome its weight. The valve now .closes rapidly and the supply 
column suffers a consequent retardation which gives rise to a rapid 
increase of pressure in fbe valijB box until this pressure becomes 
sufficiently great to open the delivery valve. 
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Water then escapes through this valve into the air vessel, oonipresses 
the air, and flows away along the rising mailt. 

As soon as the momentum of the supply column is destroyed the 
delivery valve closes, the water below the valve partaking of the backward 
motion thus instituted. This motion, once set up, can only be cheeked 
by a reduction of pressure in the valve box below thf.i, corresponding to 
the statical head and consequently the pressure in the valve box is reduced 
rapidly until at some instant the waste valve reopens, and the whole 
cycle of operations is repeated. Fig. 331 shows a typical pressure diagram 

from the valve box of such a 

fe ram throughout one complete 

cycle of operations. 

The idea that the waste 
valve reopens because the 

_ pressure due to the statical 

head of the supply column is 
insufficient to keep it to its 
seat is quite erroneous. In 
— general, the valve will open 
however light it may be, since 
the pressure in the valve box 
is reduced below that of the 
atmosphere by the reflux 
action of the water on its re- 
* Une bound. In practice the waste 

Fie. 331.-l>re»«re Di»gram from Vafvo Box of 

Hyilraulio Ram. from '30 lbs. to '45 Ibs. per 

square inch of area, so that a 
statical pressure corresponding to 1 foot head would be sufficient to 
prbve'iit any opening. 

Advantage is taken of this reduction of pressure to keep the air vessel 
charged, by the introduction of a spitting valve at Gi (Fig. 330 a), air 
being drawn through this valve into the valve box B when'the pressure 
falls below that of the atmosphere. 

The whole cycle, which inj,y only take a fraction of A second,, to 
complete, may be divided into four periods, during which the waste valve 


Delivery Pressure 


Fig. 331.—Preraure Dingram from Valve Box of 
Hyilraulic Ham. 


is respectively opening, wide open, closing, and closed. ... ^ 

• Since the force'tending to open the valve is equal to its weight togethet. 
with a much larger-force due to pressure differences on'its twojaces, 
since the acceleration of the valve will therefore diminish as its wekhit 
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increases, the^time of openipg will tend to increase slightly as the weight 
increases^ and will also increase with the travel of the valve.. For 
all practical purposes, however, the opening • may be considered as 
instant^eous. ^ 

The period during which the valve is full open depends entirely on the 
time necessliry to produce the required velocity of flow along the supply 
pipe, and will therefore increase with the weight of the valve, and with 
the ratio of length of supply pipe to supply head. 

Thus let:— 

. , , , . i. [a -- area of supply pipe in stjuare £„et. 

U — supp y le m eet. j ^ effective discharge area of waste valve. 

/frf — c ivQry. I = actual discharge area multiplied by the co- 

(j = length of supply pipe. ^ efficient of disclmrge. 

Then on the assumption of instantaneous opening of the waste valve, 
the velocity of flow in the supply pipe after t seconds is given by 


(equation 12", p. 242). 

/ 2 // 
where c = ^ ^ ^ fl 


1 — R 

1 + c' 


and k z= -21— . 

a 


-1 ft. per sec. 


in 


Experiments' show that this formula gives results^ jn close agreement 
with those obtained in practice. 

The weight of the valve is then adjusted so as to gi^ v a valre which, 
for most efficient working, is approximately '4 feet per second. 

The time which the valve takes to close cannot be calculated with any 
pretension to accuracy. It will evidently depend largely on the form of 
the valve body and of the valve bvv, and will increase as^ the lift of the 
valve, and its weight, increase. 

The total time during which it remains off its seat will thus increase with 
the delivery head and with the length of supply pipe, and will diminish 
as the ratio II tt- I increases, also increasing with its weight and lift. 

The timg during which it is on its seat increases with the distance 
from vAlve seat to delivery air chamber,* and increase as the delivery 
head increases, since the first of these factors regulates the time taken by 
the reflex pressure wave to reach the waste valve, and the second regulates 
the time at whigh the delivery valve closes, and hence the time of 
initiation of this reflex wave. 


I Harza. Bulletin of the University of Wisconsin. flo.tf06, p. 211. 
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Experiments on a ram having a drive pipe 86'3 feet, long with a 
supply head of 8'15 feet, show the following approximate results':— 


Proportion of cycle during which val'ie is 



I Wide open. 

Closing. 

Closed. * 

10*3 

•58 

•11 

•31 

19-3 

•78 

•09 

•13 

50-5 

1 

'88 

•07 

•05 


Efficiency of Bam. 

The efficiency of the rum may be considered from two points of view. 
If q is the volume delivered by the ram, and Q that escaping through the 
waste valve, H being the effective supply head, and the effective 
delivery head measured from the level of the waste valve and including 
the friction in the delivery pipe line, the total input of energy to the ram 
is (Q+q) H, and the total oij^ut is q h^. The ratio 

q Ju 

{Q+q)H’ 

known as D’Aubuisson’s efficiency ratio, then gives the efficiency of the ram 
afi a machine. ' 

The ram may, however, be looked upon as a hydraulically-operated 
pump^ actuated'by a volume Q under* head H and utilising the energy of 
this supply to lift a volume q. As this q is initially at a height H, the 
additional energy given to it in tjje ram is simply — U) foot 
lbs. per lb., and from this point of view the ratio 

qih-JT) 

gives the efficiency of the plant as a whole. This expression is known as 
Rankine’s formula for efficiency. , 

Althotjgh it is difficult to justify the idea of entire separation of the 
.^ater pumped from the operating water, yet, for the sak« of comparison 
with other types of pump, the latter formula, which gives results 
opnsistently lower than the former, will be adopted in this conneoti^^ 
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Whenever the efficiency of a ram is given, it should be stated which 
formula i» used. 

Sources of Loss. —These are due to :— 

(1) Leakage at waste valve. 

(2) Resistance Oi’ valves and of supply pipe. 

(8) Eddy J)roduction due to sudden changes of section. 

(4) Loss of resilient energy. 

Leakage from the waste valve increases with the time during which it 
is off its seat; with the lift and area of the valve; and with the velocity 
of efflux; all of which, with the exception of the valve t rea, must be 
increased with an increase in the delivery head. 

The area of the valve is usually made from two to four times that of the 
supply pipe, an increased area with a correspondingly reduced lift tending 
to efficiency in working. 

This is the most serious of all the sources of loss, and usually accounts 
for beiween 15 and 25 per cent, of the total energy received. 

To enable it to be reduced as far as possible, the weight anc^irtlvel of 
the waste valve should be adjustable to suit any given conditions of 
working. It should be noted that this loss is not necessarily least when 
the time during which the valve is open is reduced to a minimum, for 
with a given supply and delivery head there is a certain valve travel below 
which the pressure will not exceed the delivery head. Increasing the 
travel increases the velocity of efflux and the time of Aliening, and there¬ 
fore the leakage, but at the same time increases the pressure and therefore 
the proportion of energy entering the air chamber. This goes oti'up to a 
certain point, which can only be determined experimentally, where the 
increased leakage losses counterbalance the proportional gain of energy, 
and which gives the most efficient working lift. 

This point is brought out in Pig. s32 which shows a series of efficiency 
curves obtained by the author from a small hydraulic ram of the type 
shown in Fig. 330^, having a supply pipe 4 feet 6 inches long and 
IJ inches diapieter, and working unuhr a uniform head of 4 feet 6 inches, 
the waste valve being 1J inches diameter. From these curves it is evident 
that although with low delivery heads the efficiency increased with an 
increase in the number of beats of the ■\<hste valve per minute, as the 
delivery head was increas^ the speed for maximum efficiency rapidly 
diminished. 

(2) and (3) Valve resistances are approximately independent of head, 
while loss by shock and frictional' losses in supply and delivery pipes 
increase as the velocity, and therefore as the delivery hqad, increases. 
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(4) The loss of energy due to resilience, being proportional^ to the square 
of the pressure of the water at the instant of closing the delivery Valve, will 
vary as the square of the delivery head, and also with the mass of water 
affected, and will therefore increase with the length of^the supply pipe 
and with the ratio II. / 

Evidently, then, the most economical worliing is to be exfiected with a 
ram in which the delivery head is low and in which the ratio l~- His 
small. While the latter factor is not essential for fairly efficient working. 



Lift in Fee-t . 

Fl*. 032 .—EfficWhoy Curves for Hydraulic Ram working under a constant head of 4-5 feet. 

it is advisable where possible that this ratio should no| exceed 2'5. How¬ 
ever, where necessary this may be ‘largely exceeded, and a, supply pipe 
length of 1,000 feet with a ratio 1 -i- H = 25 is well within the limits of 
everyday practice. 

The delivery head may be ariything up to about 250 feet and the supply 
head anything above 18 inches,but the ram becomes very inefficient as the 
ratio of delivery to suppjy head becomes great. 

The ram will work with .this ratio as great^ as 80 to 1, but under such- 
circumstances has an efficiency not exceeding abcait 20 per con'll. WSto-i 
lower deliverv heads, up to about four times that of the supply, the-^wil” 
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will transform .up to 75 per cent, of the energy in the supply reservoir 
into u8|ful*ffork. • 


K-H 

H 


as being equal to' 


Rankine gives the efficiency in terms of the ri iO 
• ' 1-12 - -2 

and while 1;his cannot be looked upon as being generally true, it indicates 
how rapidly the efficiency falls off as 


K ■ 

increases. 

n 


The curves of Pig. 332 


also bring out this fact very clearly. 

The simple type of ram already 
described gives excellent results where 
the diameter of supply pipe does not 
exceed about 4 inches. With larger 
sizes the shock caused by the sudden 
closing of the waste valve becomes 
excessive, and though various devices 
have been adopted to prevent this, 
none of them have proved satisfactory 
as applied to the ordinary ram. One 
such device is illustrated in Fig. 830 b. 

Here an air cushion, regulated by the 
air-cock K, is provided for the waste 
valve, but although this effectively 
prevents shock, it also prevents any 
high degree of efficiency being ob¬ 
tained. This is clear if it is remem¬ 
bered that the velocity of efflux t the waste water is increasing the 
whole of the time that the valve is closing and has its maximuih value 
immediately before the valve comes to its seat, so that leakage during 
this portion of fne cycle is mou important than at any other time. 
Slowness or closing is thus particularly detrimental as the valve approaches 
.its seat, and in fact the more quickly the valve reaches its seat after once 
begiiming* to close, the less will be the aonsequent less of energy in the 
waste water expressed as a proportion of the whole kinetic energy of the 
column. A further drawliack to the devjce lies in the fact that because oi 
this leakage it becomes impossible to pump against a head greater than 
about six times the supply head., 

In the above example the upward pressure of the water on the valve 
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Me oloBing is increased by the provision of a deflector attached to the 
’alve spindle, this deflector also serving as the piston of the air .buffer, 
tn auxiliary waste valve Faj^niounted on the main valve spindle as shown, 
ipens with the main valve, and allows any gritty material or pebbles to 
isoape. 

If necessary, the hydraulic ram may be situated wed abov,e the tail 
rater level, the waste valve then discharging into a closed chamber which 
lommunicates with the tail water by means of a suction tube. The 
luction head produced in this discharge pipe then helps to increase the 
relocity of flow on opening the waste valve. The valve must now, 
lowever, be aided by means of a spring so as to be approximately 
alanced under this suction head. Fig. 333 shows diagrammatically an 



Fig. 334.—Hydraulic Kam for pumping clean water by means 
of a laihor supptoof dirty water under a lower head. 


arrangement of this type devised by Deeceurs, which has given very good 
results. 

{ Pig. 334 shows the hydraulic ram as arranged for utilizing a large 
supply.of impure water for pumping a smaller supply of clean water. 
Here B and D indicate the clean water suction and delivery pipes. 

In pface of the differential plunger pump shown, a flexible diaphragm 
is sometimes used to divide the waste valve box from, the clean water 
supply and delivery valve box, the vioration of this diaphragm under 
the action of the ram serving the same puriiose as that of the plunger 
in the previous sketch. As thus constructed, the clean water may he 
lifted against practically any head though the efflcieney 'is only low. ' 

A simpler device, but one not so certain in its action, consists in the 
provision of a pipe leading the clean water under a head about J'that of 
M supply head into that part of the valve box remote from the supply 
pipe. A check valve prevents flow out*of the valve box along this pipe, 
and a charge of clean water is drawn into the valve box as the presS^i 
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falls at each beat. The action may be regulated with considerable nicety' 
by the prmnsion of a regulating valve on this secondary supply pipe. 

It was not until the invention of the hyd’T .lie engine of Mr. Pearsall 
that the ram attained its highest development and became a really 
efficient machiV; for successfully handling large volumes of water. In 
general tesras, tills only differs from the ordinary ram in that its valve 
is opened and closed by mechanical means, this enabling a cyhndrical 
balanced valve to bo used, and the periods of the various portions of a 
cycle to be regulated to suit any given conditions of working. 

Pig. 335 shows the general arrange¬ 
ment of the machine. Here A is the 
supply pipe and B the cylindrical waste 
valve, which is operated by the valve 
rod D, and which allows water to escape 
by the ports C. On closing this valve 
water enters the chamber E without 
shock and drives out before it the con¬ 
tained air, through a valve regulated 
by the wooden float F. When the 
water reaches a certain height the valve 
at F closes, and the pressure in E rises 
until suflicient to lift the delivery valves 
at G. The small remaining volume of 
compressed air and the water then 
enter the air vessel H, from which the 
water is led away along the delivery 
pipe T. A second air chamber S is 
sometimes fitted, but is not essential. 

The valve B is now opened, the j ush 
of water out of E and down the supply pipe is followed by its closure, 
and the cycle of oj)erations is repeated as before. 

The method of working this vaive is ingenious. The shaft J carries a 
pendulum K. which swings through an arc of about 240°, and also a cam 
BO proportioned as to divide the time of a swing of the .pendulum into 
two parts suitable for the flow and delivdty parts of ^he cycle. This cam 
regulates the motion of the valve rod. ' 

In order to maintain the swing of the peqdulum against friction, a 
crank on J is oqppled to a piston in the small single-acting cylinder P, 
into which air is admitted from the air vessel at each double stroke, so as 
to give a slight impetus to the pendulum at the middle of its swing. 





Fig. 335.—Pcarsairs Hydraulic Engise 
or Uam. 

• t 
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The engine is stopped and started by the bar N, which, when held 
igainst the pendulum, engages with the rachet M when this begins to 
leseend. This stopping takes place immediately before the end of a 
vorking stroke, when the main valve is closed and when the flow of water 
n the main pump has for the moment ceased. On rele>’:sing the rachet, 
he ram at once engages on a normal stroke. ^ a 

As thus constructed, the machine is capable of dealing with practically 
my quantity of water, and works as noiselessly as a pumping engine. 
Che smoothness of its working as compared with that of the ordinary 
ype of ram may be inferred from Fig. 336, which shows a diagram taken 
rom the valve box of a ram of this type. 

The simplicity of the mechanism of the hydraulic ram, its high 



Fio. —Pressure Diagrani fif)!!! Pearsairs Hydraulic Uam. 

(ffioiency, and the fact that it is capable of working for very long periods 
vithout attention, render it specially well fitted for use in a private 
)umping plant, and there is every indication that at the present time its 
nany advantages are being to an increasing extent realized. 

Hydraulic Bam for Air Compres»ioi.--'With slight modifications the 
lydraulic ram may be adapted for use as an air compressor,. Thus in the 
Pearsall ram tlje chamber E is enlarged so as to hold the whole volume 
)f air compressed iA a single stroke, while the valve at F is modified 80 
IS to confine this air, and the delivery valves at G are slightly modified, 
the cylinder P is also now worked by pressure water from the air vessel 
E instead of by compressed air. As thus constructed, efficmucies of 
upwards of 80 per ceht. may be obtainai. '■ 

■Fig. 807 shows a type of air compressor on somewhat similar 
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designed by M. Sommellier and used in the work, on the Mont Cenia 
Tunnel, Here the inlet vUlve Vi and the waste valve Fa are mechanically, 
driven, and are coupled together. When the v>' 've Fa is opened the water 
in the compressor finds its own level and air at atmospheric pressure is 
drawrf in through the air valve F,. Fa is then closed and Fi opened, 
allowing aressnr'il water to flow along the pipe A, and in virtue of its 
pressure and momentum to compress the air in the chamber B, whence 
it passes through the delivery valve Fa into the air reservoir. Fi is then 
closed. Fa opened, and the cycle of operations repeated as before. Work¬ 
ing under a head of 85 feet, this compressor delivers air .au a pressure of 



75 lbs. per square inch. The machine is, however, somewhat cumbrous 
for the amount of work which it i» capable of performing 

, Aet. 187.—The Jet Pump. 

The fact that the pressure energy of a water supply may be converted 
into kinetic energy, with a consequent reduction of pressure, is taken 
advantag(fof in the type of jet pump devi|ed by Profejsor fames Thomson 
(about 1852). The pump, as usually constructed, is illustrated in Fig. 388. 
Here water from the srnrce of supply is led through the converging 
passage P, its pressure diminishing as its Velocity increases, and is 
finally discharged into thfe delivery pipe through the diverging passage D 
It follows that at the section J, where its velocity is greatest, its pressure 
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may become considerably less than that of the atmosphere. A chamber 
surrounding 3 is connected to the supply of ^sfater to be puiUped.by the 
suction pipe 8, The reaction of pressure in this chamber is then 
accompanied hy a flow of water along the suction pipe, which, meeting 
the high pressure jet, is carried forward as a combined,/otream into the 
diverging discharge pipe D. Here its kinetic energy it partially recon¬ 
verted into pressure energy, which is utilized in overcoming the head to 
be pumped against. 

Let h = height of supply head above jet in feet. 

„ h, = height of jet above suction supply „ 

„ Hi = height of delivery head above jet „ 



„ oi = area of nozzle in square feet. 

*„ d, = area‘of annular suction pipe in plane of nozzle, square feet. 

„ Oi = area of mixing chamber at throat, square feet. 

„ Q = volume passing per second, v = velocity, akd p the pressure 
in lbs. per square foot at the point denoted bjy a'suffix. 

On the assumption that the sides of the mixing chamber are sensilily 
parallel from the nizzle until the jets have attained a common veloci^ 
and pressure at D, so that, neglecting friction, the sides of the chamber 
exert no force on the water, we may apply the'equation of momentum,, 
which now becomes:— ‘ 
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«<; Va — a, w,® — ai ai + P, ®« ~ Pd H 

. . W 

. . -a i2lA.PL\ 


= I- { otd Vd - «. - «i ®l“} 


or • fli /ii —‘ o, /(., — a,, lia = ; 


2^ 


a,i 


airi>} (1) 


Again, for continuity of flow, we have:— 
ai i’i + a, r, = a,j 


_ _ . .1 — a,j 

or Vi + = C/d 


( 2 ) 

From these equations, when the dimensions of the pump and the 
eads are given, any two unknown velocities, and hence quantities, may 
e determined. For example, if Q is given, Q, and Qa may be determined, 
f, in addition, we assume that the pressure across the mixing chamber 
mmediately in front of the nozzle is uniform, and equal to pj (an assump- 
ion which is only true so long as both streams are parallel), we have 


h 


- K 


. ■'’i I V> 
■ 2 <7 IV 


'2tf 


+ 


Pj 

W 

+ h. 


• '‘i — h — — 

•• 2y ‘“2<7 
or V,® = vi^ — 2g {hi + 
Introducing this value of v, in (1) we get 


( 8 ) 


Oi I'l — “j K — Oi hi = 2^ “ (®i H" 

or («! — a,) hi — 2 o, /(, — hi = ^ {a^ v/ — (oi + “«) ^ 1 “}• 
While, by substitution in (2):— 

ai Vi + a, V »i“ - 2 <7 {h + h,) = Vi- • (5) 

From equations (3), (4) and (6), if the areas of the passages and the 
various heads aae given, the velocities Vi, v, and Vi, and thus the quantities 
Qu Q, + Qd, may determined. 


Examplb. 


Thomon’s Jet Pump. 

hi = 40 feet. flj = ‘2 square feet. 

h, = 16 feet. o, = '4 square feet. 

Jii = 10 fget. Ui = '6 square feet. 

■ Negative sign because negative il *1 is positive. 
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Determine Qi, Q, and Q^, and also the pressuye ~ at the thjoat of the 

fV ^ 

mixing cone and ^ in the plane of the orifices. 

Prom equation (4) we have:— y, 

- {-2 X 40 + -8 X 15 + -6 X 10} = v/- 

- «)/= 2,790. (i) 

Again, from (5), 

(•6 va — •2vi)*' = -16 {«i2 — 64-4 X 55} 

>■.•. Di“ + 2 m - 3 r/ = 4,718. (ii) 

Substituting for in (ii) from (i):— 

Vy^ + 2 1>1 V fi** - 2,790 — 3 - 2,790) = 4,718. 

.-. t'l* - 1,826 = n - 2,790. 

Squaring both sides, we get, on reduction:— 

862 vy^ = 3,833,000 
^ or vi‘ = 3,866 

®i = 62'2 feet per second. 

Substituting this value in (i):— 

= «y 3,866 — 2,790 = 32'8 feet per second; 
while from equation (3):— 

V, = nj 3,866 — 3,542 = 18'0 feet per second. 

<3i|p '2 = 12'4 cubic feet per second. 

, Qd = '6 ’’s = cubic feet per second. 

~ i-Q, = ’4 = 7'2 cubic feet per second. 

^ Again, since p + |^ = hy, 

-^ = 40 — 60’1 = — 20’1 feet of water. 

wiule since 

.•. ^ = 10 — 16‘7 = — ()’7 feet of water. 

The actual height through which the water may be forced by the pump 

e less than the value given" by ■ "^ + - [ feet,' because of the 

loss of energy by eddy formation in the divergirfg discharge pipe, and 
may amount to between ‘6 dnd '7 h^. 

This loss of energy is pro^rtional to and \Jill therefore increase— 
lince the necessary value for Vi increases—as k, increases. ConseauenidV. 



THE MT PUMP ' 


since the total work done in pumping is proportional to -|- h„ 
while tlys Idss depends orfly on h^, the efficiency will increase as ft, is 
increased at the expense of ft^. 

It follows that with a given total lift, the suction head should be 
increasld as far<os possible—up to about 22 feet—at the expense of the 
delivery he^d. Tilis conclusion is borne out in practice. 

The efficffenoy of the pump is given by— 

^ “ Q\Jh - H^)' 


This efficiency is of necessity low, since the action depends on the 
mixing of two streams moving with different velocities, and hence involves 
considerable loss by shock. E.g., in the numerical example considered 
on p. 696, the efficiency (assuming = *7 ftj) is given by— 


7-2 (7 +16) _ 
” - 12-4 X 83 - 


Actually, frictional losses reduce the efficiency still further, and the 
maximum efficiency attained in practice, even with a pump^flseed at 
delivery level, is about 25 per cent. This is increased to about 30 per 
cent, where, as when used for delivering a high velocity jet of water for 
fire purposes, the necessity for converting the kinetic energy of the jet 
into pressure energy is absent. 


For continuous pumping and drainage operations where a fair pressure 
supply is obtainable, and where the volume to be lijted and the working 
head are small, the method offers the advantages of simplicity and low 
first cost, while practically no attention is required. •Unless toe supply 


head is large compared with the lift, the ratio ^ is, however, very 
small—often so low as J. 

The principle of the steam injertoi, as fitted for boiler feed purposes 
is identical with that of the jet pump. The preceding equations, however, 
need to be modified, since the streams of fluid on impinging are not of 
equal density, although they becon'e so on condensation of the high 
velocity steam jet. 

The principle of the jet pump has been applied in an intensifier for 
raising the pressure of a large quantity of low pressure water by 
means of a small supply at high pressure, the delivery pipe D leading 
directly into the cylindoi of the intei\8ifier. While not economical 
from an energy standpoint, the simplicity and low first coslrof the 
apparatus render it very #uitable,for such work where its use is only 
Qccasioual. 
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Aet. 188.— The Injectoe H^deant. 

Since the chief loss of energy in the ordinary jet pump is due to shock 
at the collision of the two jets, it would appear that the total loss might be 
diminished by diminishing the velocity of the high pressure, or indreasing 
that of the low pressure jet in stages, instead of at a siligle iippact. 

TMs method has been applied with success by Mr. Greatnead in the 


High 

Pressure 

Sfipfily 



construction of his injector hydrant \Pig. 839), which' is adapted for fire, 
extinguishing purposes where a continuous supply of high pressure water 
is available, as is the case near the pipe line from an hydraulic power 
station. By itself,' the water in <the power main is of insufficient volume to 
have any appreciable effect on a fire, but when used with an injector hydranf, 
in connection with a low pressure main the advantages of the system 
very great. As exemplifying the effect of a small jet of high' pressur^' 
water in increasing the height of the. main jet, it is stated th4t whilO w. 
, ordin^ 1 J-inch hydrant supplied from a main at 40 lbs. pressu^ 
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give a stream about 50 feet Sigh, the same when reinforced by a f-inch 
jet of wjter^it 750 lbs. pei* square inch will lift a slightly greater (about 
15 per cent.) volume of water from the main and will deliver this as a jet 
85 feet high. 

The%fficiencj» of the hydrant from an energy point of view ranges from 
28 per eent^ to 33^er cent. 

The following table, given by Mr. Greatheiul*, shows the quantity 
of high pressure water, at 700 lbs. per square inch, required to deliver a 
jet of 150 gallons per minute through a 1-inch nozzle, through a height 
variously estimated to be from 75 to 84 feet, and requiring a head at the 
, nozzle of 100 feet. Here allowance is made for 200 feet of 2J-inoh hose, 
the resistance of which is equivalent to 50 feet head. 


1 

liOw Pressure Supply. ! 

High Pressure Supply. 

Lbs. per square inch. * 

Feet, 

Gallons per minute. 







GO 

139 

3-7 

50 

115 

10-9 

40 

92 

18-1 

80 

69 

25-2 

20 

46 

32-4 

10 

23 

39-6 



m 


Art. 189.— The Air Lift Pump. * 

Among other devices for pumping liquids against a large head, that 
known as the air lift pump is worthy of notice. Invented probably by ' 
Carl Lbscher about 1797, the syste’t fell into comparative desuetude for 
many years, and has only recently been revived and irapboved. Ih view 
of its increasing use, and of its adaptability to many difficult cases of 
pumping, it is wtfidh while consid'.ring the system somewhat in detail. 
Briefly, the method consists in sinking an open vertical pipe with its 
lower end sunmerged in the liquid to be raised, and having its upper end 
arranged to discharge into a reservoir at,the required hefght. Air from 
a compressor is then forced through a smaller air pipe into the submerged 
opening of the lift pipe or-ising main. The air bubbles, rising through 
the water in the lift tuto, so reduce the specific gravity of the mixture, 
and therefore th*e weight 6f the qplumn, that the qxcess pressure at the 
1 “ Prooeedinps iMtitute Mechanical Engineers," 1879, p. 861. 
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base of the column, due to the external water pressure, becomes sufSciently 
great to force the mixture above the supply level and out of the top of the 
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In general, the depth of submersion h, (Pig. 840) is made from (1'5 to 2) 
times thg liff h^, so that thd total length of lift pipe = (2'6 to 3) h^. As 
the depth of immersion is reduced, the relative air consumption increases 
and the efficiency diminishes. As will be shown later, a further increase 
in h, tehds to moVn efficient working, and is advisable where this may be 
obtained without ^teat expense in deepening the bore hole. 

To keep 3own frictional losses, the velocity in the lift tube, calculated 
on the volume of water discharged, should not exceed 5 feet per second. 
The efficiency of the system, as calculated from the ratio of the work done 
in lifting water through a height to the indicated wa k in the air 
compressor engine cylinder, is generally between 25 and 80 per cent.—this 
allowing for a compressor efficiency of 75 per cent.—but under favourable 
conditions may rise to 45 per cent. 

There are three methods of arranging the pipe lines in a well or 
bore hole. 

(1) The central air tube system (Fig. 340o), in which the air pipe is 
suspended in the centre of the lift tube. 

(2) The annular air tube system, in which the space betw^n the lift 
tube and the bore hole is used as the air line (Pig. 340 h). 

(3) The side-by-side system, in which the air and lift tubes are carried 
down the well side by side (Pig. 340 c). 

The first of these systems has the disadvantage that the hydraulic mean 
depth of the water passage in the lift tube is reduced ^ the air tube, being 

2^(11 +r) 2 4 ’ • 

where I) and d are the internal diameter of the lift tube and the external 
diameter of the air tube respectively.* 

This loads to increased frictional losses and so to diminished efficiency. 
The system is, however, very suita'-'e for application to a email borp hole 
of suitable dimensions, since the only additional expense is the provision 
of the comparatively small air pipe, while any alteration in the length of 
this, to suit different conditions of working, is a simple matter. In 
general this wiH be found more advantageous than the second system, 
the chief advantage of the latter lying in its possibilities of, more effective 
air distribution. * 

Where the well or bore hple is of largo diameter, the side-by-side system 
. has many advantages in virtue of its aecesstbility,rfimplicity, and flexibility. 

* # . 

1 Witl>a plain tube of the same aectionaltftrea the hydraulic m^an depth is given by ^ 

where - V - d*. 
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In every case provision must be made for distributing the air evenly 
and in small bubbles among the water in the' lift tube, since experiment 
shows that the system is then much more effective than where the air 
bubbles are so large as to fill the tube. The diameter of the bubbles at 
their initiation should be alwut J inch. Some such arrangement* of foot 
box, as shown in Pig. 340 c, is essential for efficient wor^ng. (f’omparative 
tests show that this typo, in which air enters all around Ihe circum¬ 
ference of the lift tube gives efficiencies 20 per cent, greater than that 
shown in Pig. 340 d, in which the air is supplied in a single central jet. 


Theory oj the Air Lift Pump. 


Let = volume of water raised in cubic feet per second. 

„ r„, = mean volume of air used, in cubic feet per second, 

during its passage through the rising main. 

„ F„ = volume used in cubic feet per second, at atmospheric 
pressure, p„. 

„ Pi = pressure at base of rising main. 

ha +h, = l feet. ’ , 

Then, assuming isothermal expansion of the air in the lift tube,we have:— 

„ pi Pa ' Pa' 

V 

The mean specific gravity of the mixture m the tube = -r,- * 

^ ^ ' 10 "r * m 

Head "producing flow = /t, — (ha + K) v?- feet of water, 

= — (^* 1 ! + W feet of mixture in 

the lift tube. 


= ■ “ h, — ha feet of mixture. 

• ' w » 

Equating this to the sum of the friction head hf, and the kinetic 

head h„ we have, on reduction:— 

1/ — V “t" h + h, 

^ ' w ^ ' 

. V -r. hd+Jfy+K 

' ■ “ ,* Pi‘ ‘k " ’ 

pjog,^ 


Pa 


^rAha + h,fK) 

341og.|' 


.(si: 


since 


Pi—Pa _ 34 -f ft,-34 




¥ 


rur 


■ This relation enables the volume of free air per cubic foot of watef,^ 
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1 (J/ + p’ )S 

be aetemnn§d in terms of Jtf and li^ Writing = x- - ^ ” , and 
• zg ' A > 

putting (where is the merh square of the velocity 


in the •tube) thia latter term may be taken as approximately equal to 
^ the ratio V^-i- may be directly 

obtained in terms of 1u, h„ A and/. 

The author has determined the values of / for a mixture of air and water 
(the friction head being expressed in feet of a column of the mixture in the 
tube) from the published data of a largo number of trials on such pumps. 

Making the above assumption as to the value of v, the value of / varies 
from ‘OSS in the case of a 8-inch pipe with v = 12’16 f.s. to ‘023 in a 
12-inch pipe with v — 6’5 f.s. In every case / has a value very 
approximately six times that obtaining for the flow of water alone at the 
same velocity. 

In practice the following approximate values of F„ — are f^nrad to 
give the best results:— ^ 


1 

lu (feet) 

1 

10 

20 

1 

30 

50 

100 • 

Fa -i- 

1-0 

1-5 

, 2-0 

i 

! 

2-5 , 

, 3-0 


Efficiency of the Air Lift Pump.—Assuming isothermal compres¬ 
sion, the work done on the air during compression from p* to pi 

= Pa Fa log, foot lbs. 

Pa 

The useful work done by the .lir in raising F* cubic} feet of water 
through a height /ij feet = 62‘4 F„ foot lbs. 

Efficiency— $ 


C2-dF.„7(, 


62-4 I’ lu X 34 log, 


W " (I _ 


h. 

'Pa 


Pa Fa log,^'* Pa log, X F„ (lla + Ilf }\) 

I'a ra 

^I'd + h + h 

On the assumption of adiabatic compression from pa to pi, the wdrk done 
on the air = 3-463 Pa Fa j l| foot lbs., so’that the efficiency 


( 2 ) 
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3-46pj(j;) -l\{K + hr+K] 

Prom expression ( 2 ) it appears that as /t,, is increased from zero 
(keeping ft, constant) the efficiency will increase Until gome point 
is reached at which the (velocity of flow)’* increases more rapidly 
than does ft^. This gives the value of ft^ for maximum efficiency. 
In practice it is found that the ratio ft, 4 - ft^ then lies between 
1'6 and 2’5, the larger values of the ratio being used with low values 
of hi. 

The following table gives the results of tests on a plant of the 
type illustrated in Pig. 340 c, carried out by Professor Josse at 
Charlottenburg:— 


Diameter o£ lift tube, inches 

’hi, 

3A 

3A 

3A 


7} 

2f 

2| 


Diameter of air pipe, inches. 


1* 

'A 

'A 

'A 

5 

- 

- 

m 

Diameter of bore hole, inches 




'•'i 

(i* 

-- 

- 

- 

- 

Depth of immersion, hg feet ' . 

4!)'2 

40-2 

4!)-2 

4!»-2 

49-2 

63 i 

69-2 

72-9 

B2-0 

Height of lift, hd feet . . . * 


21-6 

24 6 

24*6 

24-6 

1 

13-5 

50-5 

46-7 

57-S 

(Gallons pel* minute . ) 

1 f 

24*2 

6s-;i 

1)4'U 

‘Mi-K 

94-8 

800 

1 

47-.’; 

511 

.39-2 

(Cubic feet per second. J 

•065 

•177 

•2:.i 

■250 

■253 

2-3.’> 

•127 

•137 

•106 

Ya cub, ft. at atmospheric pressure 

•127 

•:-toit 

i -73!) 

•842 

1*766 

6-46 

1 *316 

-334 

•346 

a volume of air per cub. ft. 1 
of water. , . j 

1-U6 

1-77. 

2-!l4 

3l!8 

7-50 

2 75 

2-49 

2-45 

3-30 

Velocity of how at entrance, f.s. 

2-54 

3'4C 

4-9(1 

r.'07 

4-fil 

7-C5 

- 

- 


Hean Telocity of mixture in tube 

6-lti 

6-64 

12-46 

14-87 

22-80 

20-8 

-- 



•■fWater H.P. . 
{efficiency ji,H..P. in com pressor!- 
( cylinder. *. j 

3S-BX 

44-97„ 

2C-7“ft 

21-3% 


38-4% 


( 

;^n 

42-#% 
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A very extensive series of experiments carried out by the Westinghousc 
Air Braks Company in a 6-inch well, 174 feet deep, at Wilderning, Pa., 
lead to the following general conclusions:— 

(1) The rate cf delivery of water, and the air consumption per gallon, 
with fixed size of ^discharge pipe, are practically constant for all lifts, 
provided thewatio lift to submergence is maintained constant. 

(2) With a discharge pipe of given diameter, the delivery decreases 
and the air consumption per gallon increases as the ratio of lift to 
submergence increases. 

(3) With a fixed ratio of lift to submergence, the air consumption per 
gallon decreases as the size of discharge pipe increases. 

(4) The least air pressure that will give continuous flow is the proper 
pressure to us& A slightly lower pressure gives intermittent delivery 
and the amount delivered is much decreased, though the air consumption 
per gallon is slightly lower than with continuous flow. With pressure 
higher than just enough to give continuous flow, the delivery is increased 
somewhat, hut the air consumption per gallon delivered is inyeaSed in 
greater ratio; and with further increase in air pressure a point of 
maximum delivery is reached, beyond which the delivery is decreased in 
amount. The sound of the discharge is a reliable guide to proper 
regulation of the air supply. 

(5) It appears from (2) that by increasing the submergence, i.e. 
locating the foot piece deeper down in the water, for « given lift, the air 
consumption is progressively reduced. But as the required air pressure 
is increased with the greater depth, a cubic foot of air tepresents greater 
power. A curve representing the variation of horse-power required per 
gaUon of water delivered, with depth varying, shows that the power first 
decreases with increasing depth, then reaches a minimum and thence 
increases. The ratio of lift to subnxprgence at this minimum poink may 
be called the “ economical ratio.” 

(6) For a given size of discharge pipe the economic ratio decreases as 
the lift increases; t.e., the submergence should be increased in greater 
ratio than the lift. For a given lift, the economical ratio increases 
(eubmergenge decreases) as the size of discharge pipe increases. 

(7) A tail piece, or projection of the disSharge pipe Below the air inlet, 
is essential in starting, as it tends to prevent the air from backing down 
into the well and rising in the easing outside the discharge pipe. 

' (8) Anything ip the shajjp of a jet or pipe introduced into the discharge 
pipe to serve as air inlet has no Value, and is, in* fact, detrimental by 
forming an obstacle to the free passage of water. 
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(9) In starting the pumping the air should be admitted slowly. 
Pumping will not commence immediately, but after several 'seconds, 
perhaps even a minute, water will come with a rush. This is followed by 
a lull, after which the operation becomes more uniform.^ The valve can 
then be opened until continuous flow is obtained. 

For deep well pumping, the air lift pump is very silitab'^,‘Since it can 
be used in any bore hole of sufficient diameter to admit the necessary pipe 
lines, and can take advantage of the whole discharging capacity of 
the hole. 

In addition,' the absence of moving parts below the surface, the 
possibility of installing the compressing plant at practically any distance 
from the bore hole, and of pumping corrosive liquid or water carrying 
3olid matter in susponsion, together with the certainty of operation, give 
the system very obvious advantages, and in many instances greatly 
outweigh the disadvantage of moderate efficiency. 

With hot liquids, too, the efficiency is augmented, since the volume of 
lir intliotyising main is increased by the rise in the temperature, while 
in many instances the aerating effect of the air is an advantage.^ ^ 

Art. 190.—Hydraulic Air Compressor. 

By reversing the action of the air lift pump, and allowing water, under 
1 head h^, to flow down a vortical pipe of length (/i,j + h,), which has a 
lengtli h, submerged in th^tail race (Fig. 341) a typo of air compressor 
is obtains-1 which Is fairly efficient, and has obtained some success from 
its simplicity of construction. ■ 

Water entering at the upper end of the down pipe induces a series of 
jmall. air jets through suitably placed openings, and, if the velocity is 
sufficiently great, carries the entrained air to the bottom of the pipe, where 
its pressure = ij'3 h, lbs. per square inch approximately. The water is then 
illowed to escape, while the air is collected in an air chamber surrounding 
ihe falling main. < 

The pressure to which the air may be compressed is thus independent 
)f the supply head and depends" solely on li,. Since, however, the head 
required to maintstin the required velocity of flow increases ttith h„ this’ 
limits the pressure attainable. 

* Further information on this subject maj be obtained from the following papery 

Proceedings Institute Civil Engineers,” vol. 140, p. 323. 

‘^Proceedings Institute Civil Engineers,” vol 163, iy05-b| part I., p. 353. 

“ British Association of Waterworks Engineers,” 1903. 

fngirufr, Januarjr lOt 1908, p. 26.- 
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The velQcity with which fine bubbles rise through still water is 
•approximately 9 inches per second, and it is essential that the velocity of 
flow be greater than this. Experiments show that velocities of from 
12 to J.6 feet p'r second give the best results. 

The volume of^air compressed per cubic foot of water used, may be 
determined as in the case of the air lift pump. 

Recently published tests of such a plant as here described are said 



to have given an efficiency of 82 per cent.* Here = 71 feet 
and h,=\6l feet. Three vertical shafts are ^sed, each 6 feet 
in diameter, and the plant is capable of developing 4000 H.P., com¬ 
pressing the air to a pressure of 117 lbs. per square inch above the 
atmosphere. * • 

* Engineering and Mining Journal, Ne# York, January 19,^907, p. 126. See also aii 
abftraot in “ Proceedings Institute Civil Engineers,” vol. 169, p. 500. This value is probably 
high. See also Engineer, Nov. 10,1911, p. 482, 
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Aiit. 191.— Thk Humphrbx Gas Pump. 

In the Humphrey pumptthe expansive force following the ignition of 
an explosive mixture of gas and air is directly utilised t^ pump water. 
In its simplest form the pump consists of a combustion chamber C 
(Fig. 842), fitted with valves A and E for the admissio^ of gn^ and air 
and for the exhaustion of the waste products of combustion. A continua¬ 
tion of the combustion chamber forme a suction chamber W with its 
Suction valves V and the delivery main 7), which discharges into the 
elevated tank E T. The action of the pump is as follows:—A compressed 
charge of gas and air in C is ignited by an electric spark and expands, 



-driving forwards the column of water in the delivery pipe. Expansion 
proceeds until the pressure falls to or below atmospheric, when the suction 
valves V and the exhaust valve E open. In virtue of its momentum the 
delivery column maintains its motion, for some appreciable time, during 
which water is drawn through the suction valves, part of thist joining in 
the motion of the column and part entering the combustion chamber. 
After a short time ,the momentum is destroyed and the colucnn, acted 
upon by the pressure due to the delivery head, begins td return, closing 
thersuction valves and forcing the waste product* out through the valve E. 
This action is continued‘until the water level rises to that of this valve, 

■ Ahich is closed by the,impact, and the remaining products are compressed 
ipto the space F. This compression continues until the column is broughf 
when a seeond outward motion of the column ensues and tiut 
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■* 

pressure in F falls to atmospheric. At this instant the inl^^ valves are 
opened, and the further 1001100 of the column draws in a fresh charge of 
air and gas. Again the column returns under the elevated tank pressure 
compressing; this charge which is then ignued to start a fresh cycle of 
operations. The cycle is thus identical with that of the four-cycle gas 
engine. By a ^comparatively simple modification of the combustion 
chambei* and its valves the cycle may, however, be made to correspond 
with the two-cycle engine.* 

Examples. 


(1) A hydraulic ram uses 50 gallons of water per minijte under a supply 
head of 4 fiiet, and pumps 5 gallons of this against an edective head of 
30 feet. Determine the efficiency of the ram. 


Answer. 72'25 per cent. 

(2) A ram uses 900 gallons of water per minute under 10 feet head, 
and pumj)s 50 gallons of this through 500 feet of 2J-inch piping into a 
reservoir at a height of 80 feet above the ram. Determine the efficiency, 
taking / = '014. ^ 

Answer. 60 per cent. 

(8) The waste valve of a hydraulic ram is 4 inches diameter and is 
required to begin to close when the velocity of flow past the valve itself 
is 6 feet per second. Assuming the dynamic pressure on the valve per 

W 1“ 

unit area to be given by 1'35 ^—Ibs., where TF= weight per cubic foot 

of water, determine the necessary weight of the valve. 

Answer. '828 lbs. per square inch. . 

Total weight = 4'12 lbs. 

(4) A jet pump placed 8 feet above the suction reservoir and 60 feet 
below the supply reservoir, lif^^c its water through a total height of 
8 feet 9 inches. Determine its efficiency when deliverftig 100 gAllons per 
minute and when using 36’5 gallons per minute from the supply reservoir. 
ArjV'er. ’257. 


(5) An injector hydrant takes 26’2 gallons per minute of high pressure 
water at 700 lbs. per square inch and delive rs 150 gallons per minute at 
a pressure of 66 lbs. per square inchf the low pressure supply being at 
30 lbs. per square inch. Determine the efficiency. 

Answer. ^'273. 

• ^ 

^ Details of th« mechanicaj^nstruction of these pum{» are gWen in Proceedings XneHtsiti 
Mechanical Bngineers, 1909, p. 1075. A set of five recently oenstructed for the MetropoUtan 
Water Board pump 180 millions of gallons per day, with a lift of 26 to 30 feet 
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The Hydraulic Transmission of Energy—Accumulators—Intensiliers—Frictiof. of Ijeather 
Collars for Rams—Water Meters. 

Aet. 192. —The Hydeaulic Teansmissiox of Energy. 

Since water iawirtually iucompressiUe, if one end of an enclosed column 
be exposed to the pressure of a moving ram the energy of this will be directly 
transferred to the other end, the only loss of energy being due to pipe 
friction. With water of a given pressure intensity, the energy trans¬ 
mitted varies directly as the volume of water flowing per second, and 
hence as the velocity of flow, while with a given velocity the energy varies 
directly as the pressure. 

It folISw^ that as the loss due to friction increases as the square of 
the velocity, the proportional effect of this will diminish as the working 
pressure increases, and for high efficiency of transmission the working 
pressure is of necessity high. 

In many instances the use of water under considerable pressure as 
a medium for the transmission of energy from a central power station 
to a private consumffl: offers ^cided advantages over other methods of 
power transmission, and this is particularly the ease where the power 
is required to operate machinery in which the action is either— 

(a) Comparatively slow, but in which a considerable force is required, 
pnfi particularly where the motion is to be regulated with great precision', 

, (6) Largely continuous in one direction and in which frequent reversals 
of motion are not necessary; or ■ - 
(c) Very intermittent, a large force being required at intervals and for 
a comparatively short time. ^ 

It is thus well adapted for the operation of presses, flanging and riveting, 
machinery, lifts, hoists, cranes and testing machines. ' 

The state of high ^efficiency to which the transmission and utilization’^ 
of energy in this form have attained is largely due to Lo'rd Armstrong, 
who was probably the first to develop the use qf high pressure energy, 
and who evolved the many details necessary to make the system a 
practical success. 

In many large town's, of which London, Manchester and Glasgow are 
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notable examples, private customers are supplied by a system o^ydraulio 
mains, talking water under pressure from the supply station to the service 
pipes leading into the house or works. The pressure adopted varies from 
700 to 1,600’Jbs. per square inch, being 750 \js. per square inch in the 
City of*London, and 1,120 tbs. per square inch at Manchester and Glasgow. 
The arrangement ^f the Whitworth Street We.st Station of the Hydraulic 
Power Supply Department of the Manchester Corporation Waterworks 
may bo taken as typical of such installations. 

Here the motive power is supplied by six inverted cylinder, triple 
expansion, surface condensing engines, having cylinders 16 inches, 
22 inches, and 36 inches diameter by 24 inches stfoke, and each 
developing about 200 I.H.P. when working at the normal speed of 
sixty revolutions per minute, with steam at 120 lbs. gauge pressure. 

The steam-raising plant consists of live Lancashire boilers, 30 feet by 
7 feet 6 inches, fitted with Vicars’ mechanical stokers, and each capable 
of evaporating 4,500 lbs. of water per hour. 

The engine cranks are set at 120“, each crosshead being direct coupled 
to a single-acting plunger pump, 4J inches diameter by 24 inches’ stroke. 
Tte pumps thus have a mean plunger velocity of 240 feet per minute, 
which may, if necessary, bo increased up to 260 feet per minute, 
the nornial delivery of each set being 230 gallons, and the maximum 
, 250 gallons per minute. 

The water supply is taken from the town’s mains at a pressure of about 
40 lbs. per square inch, and before passing into the storage tanks, from 
which the pumps derive their suirply, is utilized to work a direct-acting 
intensifying pump, by means of which part is pumped directly into the 
pressure mains. This pump exhausts into the storage tank, and for each 
2?) gallons which it exhausts, pumps 1 gallon into the pressure mains. 

The water from the storage tanks is circulated through the surface 
condensers of the engine by me.rfis of a special circulating pump, with 
the result that danger of freezing in winter is largely eliminated. - 

Air vessels ar» fitted on all suct’on pipes and are charged by portable 
hand pumps. The volume of each air vessel is approximately 3 cubic feet. 

The main pumps have no delivery air vessels and deliver into a common 
pipe, thisHeeding two accumulators, each 18 inches diamtter, and having 
a lift of 23 feet, the dead weight, consisting of'iron ^ag being carried in 
circular iron cisterns 11 feet 3 inches diameter. The total weight of 
casing, slag, and ram of each accumulator ie approximately^129 tons. 
One of these ifi slightly/ieavier than the other, the heavier one being 
provided with a tappet gear, by means of which the throttle valves on the 
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mam steam pipe are automatically closed as the ram reaches the extreme 
limit of its upward stroke. The engines under steam are 'ihua brought 
to a standstill, and remain so until the tappet is released by the descent 
of the ram. Each accuntulator is fitted with an electric 1^11, which gives 
warning when the ram is about 10 feet from the bottom of its stro'ae. 

The pressure water is led into the streets by four 6-i^ich casj-iron pipes, 
after which the branch pipes vary in diameter by even ihches from 
6 inches down to 2 inches. 

The joint flanges are oval, the joint consisting of a bevelled spigot and 

faucet union securinga jj-inch 
gutta-percha ring by two 
bolts. Fig. 343 illustrates 
the type of pipe joint as 
adopted for a R-inch pipe, 
and as invented by Mr. E. B. 
Ellington, the maximum and 
minimum diameter of the 
flange being 19 inches 'and 
lOJ inches respectively. 
These pipes are laid with the 
longer axis of the flange hori¬ 
zontal for facility in getting 
at the bolts. 

The main stop valves are 
balanced both ways by the 
insertion of a small valve 
Ij inch in diameter inside 

HfQ. 843.-Joint for 6-in. ripe, 1,100 n». per square 

IDCbt 

required to open the latter 
only-being thafneceisary to overcome” its dead weight. A spring-loaded 
momentum valve, h iving a ram IJ inch diameter, is fitted on either 
side of every stop valve to minimise any shocks that fnay occur in the 
main. 

To indicate the condition of the mains and valves, a daily record of the 
minimum flow’duryig the timq the demand is at its lowest (between? 
Up .m. and 4 a.m.) is kept by means of an automatic electrical recorder. 
Should this show an abnormal increase in the otitput for several coHsec^' 
tive nights the mains areftested. For this purpose certain of the^jpthp- 
%alves on the trunk mj.in« are kept closed so tl&t the several ciredits are 
connected onlv at the newer station. Here they can be sejiarated ihtpt 





HYDRAULIC POWER TRANSMISSION 718 

tour sections, and the section in which the abnormal flow is'Occurring is 
indicated by the behaviour of the pressure gauge connected with that 
circuit. The stop valves on this main are then shut down in succession 
.suitil the detect is discovered, either by the aid of an iron rod which 
conveys the sound of the escaping water to the ear, or by applying a 
pressure gauge, k Usually the former method is adopted. 

All the* pressure water is metered by Kent’s high pressure rotary meters 
before reaching the consumer, some 97 per cent of the water delivered by 
the pumps being registered on these meters. 

The following abbreviated scale of charges, which caine into force at 
the end of 1907, may be of interest, as indicating the proltable cost of 
such power.* 


Quantity of water used \ \ 
in j;alloiis per quarter ) 

2,(K)0 
.H' under 

r.,ouo 

10,000, 

20,000 

r.0,000 

100,000 

! 

200,000 

300,000 

Charge per 1,000 gallons \ 
iu shillings j 

12-:. 

■ H-r. 

6*4 

5*2 

4-5 


a 10 

2'83 


Power water taken in excess of 300,000 gallons per quarter is charged 
2s. per 1,000 gallons for the excess quantity so taken, and where the con¬ 
sumer agrees to take a minimum quantity of 500,000 gallons, the price 
attains a minimum of Is. M. per 1,000 gallons for a minimum x>t 3,000,000 
gallons per quarter. 

Assuming an efficiency of 75 per cent for the consumers’ machinery, 
this gives a cost per B.H.P. hour varying from 1'562 shillings, in the 
case of the smallest consumers, to 'ISfl shillings or 1'875 pence in the 
case of the largest. Power water for motors running on an average 6 
hours per day is charged at Is. 6d. per 1,000 gallons. 

The following list of costs of buildings and plant of this station, may be- 
of interest:— 

£ 8. d. 

, Bui'ding8,1ianks, girders, ciJlumns, etc.. . 16,835 8 0 

Boilers, .stokers, economisers, elevators, etc. . 4,02? 0 0 

Engines, pipes, valves, etc. 20,614 2 6 

" Total . . i: 41,472 1^ 

In the London installation the water* is taken from the rivpr or from 

• ✓ 

• For these particulars the author is indebted to Mr. L. Holme Lewis, tne chief engineer to 
the Corporation Power Supply Department. 
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wells, andVks it is essential that all deposit should be removed before use, 
it is allowed to stand for some time in storage tanks. The greater part 
of the solid matter is deposited here, and the water is then passed through 
the surface condensers of ^he engines to a series of filters Jfi which it is 
passed first through a layer of broken sponge 18 inches thick, and* after¬ 
wards through a bed of charcoal. After leaving Ihe fiViers it ia pumped 
into the clean water tank, from which the main pumps dSrive their 
supply. 

Among other advantages of hydraulic transmission it may be noted that 
power is always immediately available; that gearing in the machine 
is in general unnecessary, the force being transmitted directly from the 
hydraulic piston; that perfect regulation is easy; that when applied 
to the direct working of lifts and of hoists a brake is unnecessary, and 
that so long as the velocity of flow is kept low the transmission losses are 
small—with well designed pipe lines this loss should not exceed 10 lbs. 
per square inch par mile. 

As compared with electric transmission, it has the advantage that 
fire risks dre eliminated, while for slowly moving machinery, inter¬ 
mediate gearing is largely eliminated. Compared with transmissioii 
by compressed air, it has the advantage that any leakage is easily 
detected, while under suitable conditions the hydraulic transmission 
losses are much the lesser. Each of the three systems of course has 
its own particular sphere of application. For long-distance work the 
necessary cost of, and losses Ifi the pipe line, would effectively militate 
against thf application of hydraulic transmission, and a radius of 15 
miles from the central station would appear to mark the limit of its 
effective use. 

The various losses occur— 

(1) At the power station—roughly about 15 per cent.; 

(2) 'In transmission—about 5 per cent.; 

(3) In use—about 8 per cent.; 

leaving a percentage to be utilized of about 72 per cent. ‘ 

The last two items, however, vary considerably with^ the type of 
machinery,' and the energy utilized may vary from 80 to 95 per cent., 
the latter percentagei being obtained with such machines ^s direct acting, 
coal shoots, where the load, during its descent, may be made to puinp 
pressure water back into the mains. ' 

■ losses.-*-The losses at th*e power station are those incidental to the use 
Sf reciprocating pump^ and accumulatoij!, and ^!fe considered in dfttail in 
-that connection. 
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Trmmmion Lomx. 

• • 

Let p *= pressure at pipe inlet in lbs. per square inch. 

„ rf = pipe diameter (supposed uniform) in feet. 

„ a = „ area in square feet.' 

„ I — length (^f pipe in feet. 

„ V — Velocity of flow in feet per second. 

144 p 

Then the energy at entrance, per lb. = - = 2'81 p ft. lbs. 

. •. Energy entering pipe per second = 7/ = ‘i'81 p x G2‘4 a v. 

= 144 p av foof lbs. 

144 „,, 

= • 


= '21)2 p a V H.P.' 
f I 

Again the loss of energy in friction per lb. loot lbs. 

.'. loss of energy per second = = ^ 

Substituting for v in terms of IT we get— 

^ 2 fi m X 550 I ■2f!2 p o ) 


ad putting m = ^ ; p = 32'2 this becomes— 

T/8 

J/, = -G35/f^V^^.H.P. • (1) 

The energy delivered per second-U— • 

= 77 - 77, = 77 j 1 - •635./'/ | (2) 

. •. Efficiency of transmission— 

= jj' = I--63Vl/7f • • <»> 

Differentiating U with respect to 77, and equating the result to zero, 
re get the condition that the m viimum horse power may be trans- 
attted. ’ 

Expressed algebraically this gives— 

“ 3-635/1 l-Od/l’ 

or H = -725 s/^, • . (4) 

• • , 

> If /> sa 730 lbs. per square inch we thul get the approximate rule that two gallons of 

rater per minute is equivalent to one horse power. 
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from whfbh, by substitution in equation (2), we have the energy delivered 
through the pipe, or U= '483 /sj II.P. 

/iPl? 

= -138 V 


of = head in feet at entrance to pipe. 

Substituting the value of ll from (4) in equation (3), we see that under 
circumstances of maximum transmission, the efficiency is f, and that J o| 
the energy entering the pipe is absorbed in overcoming friction. On the 
other hand it is evident that maximum efficiency is obtained when H is 
as small, and p and d as large as practicable. 

The point at which it ceases to pay to still further increase the diameter 
of the pipe line for a given horse power, depends on the relative coat per 
yard of the pipe line, including excavation, jointing and laying, and of 
the power production per horse power.* In general, however, a size of 
pipe which allows of a pressure drop of about 10 lbs. per square inch per 
mile will be found to give most economical results in practice. In modem 
practice the largest pipes are about G inches diameter, the pipe Ijnes 
being duplicated for large powers. 


Example. 

Let •Jf=100lI.R 
„ p z= 750 lbs. peyquaro inch. 

Assume / = '006 (this varies with the diameter, velocity of flow, and 
condition of pipe). 

Then allowing for a drop of 10 lbs. per mile we have 
Efficiency of transmission = 1 — ^ 

-635/Z 77“ 

. « _ '(ISS X -006 X 5,il80 X 10,000 X V50 , , 

750 X 750 X 750 X 10 
= -0358 feet, 

,* d = ‘514 feet = 6’17 inches. 

. The loss per mile Hj 100 = 1-38 H.P. 


* ^ “ Proceedings Iifittituto Mechanical Bngiaem,” 1895, p. 363; also SnfiHc4r(jk0j 
Khj 22nd and June 5tb, 1891. ‘ 
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The efficiency of transmission is then given by;— 


jengtli^of pip^,n miles 

1 

1 

1 

2 

6 

10 

Lfficienoy c# transmission . 

•987 

•973 

•933 

■867 


Also 


IL P. X 55 0 
^ 144 p X a '*■ 

55,000 X 4 _ , 

■“ 750 X V X 144 X -2642 ' 


= 2'45 feet per second. 

If ^ = 1,120, then for the same fall in pressure per milo we have, for 
LOO H.P. 

d = '4377 feet = 5-25 inches 
while V —■ 2“27 feet per second. 

The following table then gives the efficiency for various lengths of pipe 
ine:— 


Length in miles . 

1 

2 j 

5 

10 

. J 

20 

Efficiency . 

•991 

■982 1 

• 

•955 

•911 

• 

*821 

1 


The velocity of flow through the pipe should not exceed 4 feet per 
second, velocities ranging from 2'5 to 4-0 feet per second being usual. 

While an increase in the work-ig pressure increases iihe efficiency of 
transmission, it also necessitates an increase in the thickness of the pipe 
walls, which covmterbalances the advantages of the reduced internal 
diameter.- 4 Vlso the difficulty of ^preventing leakage at joints increases 
with the pressctre, so that in practice it has not been found advisable to 
adopt pressures much in excess of 1,100 lbs. per square inqji. 

loBses in Use.— These are due partly to*fr{bticm, buf, in the majority of 
hydraulic machines, mor§ particularly to shock at sudden changes of 
section in valve boxes and supply ports afid pipqs, and to the necessity in 
many machines.for fillin*. the inlet passages with pressure watSr before 
the commencement of each worSing stroke. Th% latter loss may be 
prevented by having separate inlet and outlet passages to the working. 
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cylinder, while to prevent the former losses becoming excessive all working 
velocities must be kept low. 

A further loss of energv occurs in some such machines as presses and 
riveters, where the maximum force which the plunger can exert is only 
needed for a short portion of its stroke, but where the expenditure of 
energy is the same as if this were needed for the whoie strok,^. Also, in 
the case of a hydraulic crane, if only one lifting cylinder is provided 
without any special regulating device, the- expeniture of energy is the 
same whatever load, up to the maximum capacity of the crane, be lifted. 
Certain devices which have been invented to overcome this difficulty will 
be considered later. 


Art. 193.— Accumulators. 


Since the delivery from a reciprocating pump is not uniform and since 
it is necessary to have some reserve of energy to meet a sudden or 
abnormal demand, some means of storing pressure energy is a necessary 
adjunct to the hydraulic power station. 

With the high pressures in common use the elevated storage tank'is out 
of the question and the accumulator, devised by Sir W. G. Armstrong, 
takes its place. 

Pressure water from the pumps, then, is not led directly into the 
supply mains, but first into an accumulator from which it is taken to 
feed the pipe line. 

Stripped of unessentials, life accumulator consists of a vertical cylinder 
fitted with a weighted ram, the weight and area of this being adjusted so 
as to give the required pressure in the mains. 

Thus, if .4 = area of ram in square inches, 

IV = weight of ram in lbs., 
we have p A =: IP. 

The energy storage capacity of the accumulator is evidently simply 
equal to the potential energy of the lifted ram and weight, and if L is the 
length of its travel in feet, is given by ■?, IF foot lbs. 

Prom another point of view, the storage capacity is given by 


. 2-3 p X 


62-4 X AL 
144 


= p A L, 


by the pressure energy in the volume of water stored in the cylinder, 
ind since p A = W, this leads to the same result as before. 


V Exampi^i. 

Let p = 1,120 Ibp. per square jnch, L = 23 feet, A = v X 9’ = 81ir.. 
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Storage capacity = 1,120 X 81 ir = 23 foot lbs. 

= 6,554,000 foot lbs. 

6.554,000 

= ^ 000 X 60 = ^ 

The accumuJator is therefore capable of giving out energy at the rate of 
3'31 H.l’.^r oneliour, or 39’7 II.P. for five minutes. 

From this example it is evident that the storage capacity is not large 
and that the main function of an accumulator is not so much to store 
energy, in the sense that an electric accumulator stores it. as to permit of 
momentary fluctuations in the rates of 
supply and demand, or in other words, 
to act as a flywheel does to a steam or 
gas engine. It also serves to regulate 
the delivery pressure, and is usually 
made to control the motive power auto¬ 
matically. Its efficiency is high, up to 
98 per cent, of the energy expended 
in charging being returned during 
delivery. 

In its most common form, the ac¬ 
cumulator consists of a vertical cylinder, 
fitted with a ram carrying a platform 
which is weighted with some heavy 
material, usually pig iron or iron slag.' 

Fig. 344 shows this type, the weight 
here being carried in a wrought iron 
cistern suspendedfromtheram platform. 

Inlet and outlet passages are provided 
in the base of the cylinder, and en air valve is fitted iij the top, of the 
cylinder for convenience in first filling. The ram is guided in its travel 
by a framework^not shown in the figure. If the pumps are delivering 



To 
Hotots 


From 

Pumps 


Fia. 844.->Accumulator. 


» The followiiifi table shows the approximate volume occupied per ton of weighting 
material:— * 


- - ' ■■■ . •' 

-T-•- 

Substance. 

Cubic Feet per Ton. 

Pig iron or wrougni iron scrap . 

* 6*25 

Brokyi stone. 

17-2 

Clay or earth • 

ISo 

Bricks . . . 

22-2 
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more wate^ than the motors require the ram rises, and on reaching 
the upper limit of its travel moves a stop which, by suitable link 
connection, causes steam to be shut off from the pumping engines. 
When the ram falls steam is again admitted to the engines,fand so on. 

Various modifications of this 



type have beenfiadopted, the ram 
in some cases being inverted, 
fixed and fitted with suitable 
inlet and outlet orifices, and 
the loaded cylinder moving 
vertically. 

The differential accumulator 
of Mr. Tweddoll may also be 
noted. As indicated in the 
sketch (Fig. 845), this consists 
of a fixed ram of area A, sur¬ 
rounded over the lower portion 
of its length by a closely fitting 
bush of area a. 

This bush terminates below 
the inlet and outlet holes. The 
ram passes through both ends 
of the storage cylinder, through 
glands of area (d -f a) and A, 
and the effective cylinder area 
exposed to upward pressure 
is a. 

Thus p a = W, and by 
making the bush of small 
thickness, a very large pres¬ 


sure may be maintained by a comparatively small weight. 

I, 


Example. 


If the ram diameter = 6 inches and the bush is ^ inch thick, we have 
ft = 4'91 square inches. 

.-. If p = 1,120 lbs. per square inch, 

W = pa = 1,120 X 4-91 = fi,600 lbs. 
s Since the storage of energy is only small, this type of accumiUator is 
more suitable for use with single machines of the riveter type. 

.Oh board ship, and especially for naval purposes, the use of hydranl|^ 
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• . 

machinery for training tl\e heavy guns, rotating turrets, etc’, is very 
general,*but here, for obvious reasons, the accumulator loaded with a mass 
of pig'iron weighing many tons is quite inadmii^.ible. 

In i^s place Vie steain accumulator (Fig. 84()) is used. This consists of 
i steam cylinder fitted with a piston and its piston rod or ram, which 
takes the ^ace of* the weight-loaded ram of the ordinary type. Steam 



from the boilp”* is admitted to the upper side of the piston, fiist passing 
through a seducing valve which ensures a conetant presswe, and with a 
given steam pressure P, a suitable adjustment of the areas A, and A of 
the steam piston and ran;, will enable any required hydraulic pressure, 

p = P lbs. per square inch, to be maintained. The steam supply to 

the pumping engines is taken throifgh the steam cylinder, and the accumu¬ 
lator piston automatically cuts off this supply on reaching a given height, 
H.l. 3 K 








m 


HIDRAULICS AND ITS APPLICATIONS 


and thus stops pumping until the ram dcseends. The steam port is 
usually designed so that steam may be cut off gradually and the' speed of 
the pumps gradually redreed as the piston approaches the upper limit of 
its travel. *’■ 

A drain pipe is arranged to carry away any water or steam leaking past 
the piston. The storage capacity is P A, L foot lbs.,‘and this type has 
the advantage that the ram may he placed either horizontally or vertically. 

Effect of Accumulator on Working Pressure in Motor Cylinder.—If the 
motor, piston-area a square inches, derives its supply from the accumu¬ 
lator cylinder 1 ,alone, then if A square inches = area of ram; a = 
acceleration of motor piston; o' = acceloratiou of ram, we havo o' = 


The force necessary to produce this acceleration is given by 

„ IF , IF u ,, 

A = — o' = . a, lbs. 

(I ^ 

Equivalent pressure in lbs. per square inch on ram — ^ 

Pressure at entrance to delivery pipe = ^ 11- 2 “ J 

square inch. 


If a, =,q,rea of tins pipe, then a, = a —, and if I is its length, we have 

putting V = velocity of piKon:— 

Pressure on piston 

_ IF I j _ a u 1 _ li‘2'4 l a r)‘2’'l 0 “ / 1 r* 

Ai <j A ) 144 ^ 0 ,** 144 ' afigm 


IF _ I IF . 62'4 I 1 G2'4 J'l r® 

A y t 14i a, j 144 ■ o^' 'igvi 
With a steam accumulator this becomes:— 


lbs. per square inch. 


L^J _ E J. \ _ 

A g lA^'^Uia,} 144 


square inch, 


and since IF is now comparatively small, the term ^ which repteJ 

sente the effect of the inertia of the ram, becomes negligible. For tb|9 
reason the steam accuratilat'br'is not subject to the shocks and.jafs ^ 
which the weighted accumulator is subjected in virtue of the great inertfe 
of its moving parts. , <• \ 

To prevent inertia shocks becoming dangerous, a relief vidve is som*- 
times placed on the dutlet pipe, this bding set to blow off at 10 per cent, 
above normal pressure. The loqs due to the leakage which this nwpssif 
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tates may be avoided by thp provieion, in the place of the relief valve, of 
a sprin^loaded plunger, in which case the kinetic energy of the moving 
ram iS expen4ed in compressing the spring. 

Its ^ertia however, an advantage in some eases, as, for example, 
where fitted to a hydraulic riveter or similar machine. Here the inertia 
is utilized ^ increase the pressure at the end of the stroke, the final and 
sudden impact thus produced causing the rivet to fill up its hole effectively. 

Fig. 346a. shows a spring loaded plunger with relief valve arranged to 
open when the rise in pressure exceeds a certain limit. The necessary 
dimensions of this may be calculated when the size of aseumulator and 
circumstances involved in its use 
are known. If, for example, the 
weight of accumulator ram and 
load is 160 tons; the maximum 
velocity of fall 10 ft. per minute 
= 'loO ft. per second; the dia¬ 
meter of ram 9 inches; the normal 
working pressure 2’5 tons per 
^^are inch; the energy of the 
‘&lling weight to be absorbed by 
the spring loaded plunger with a 
10 per cent increase in pressure. 

Kinetic energy of falling weight 

— i = ft. tons. 

36 X 64-4 

To absorb this amount of energy 

thp ram must fall through a further distance x feet, against the excesB 
resistance due to this increase in pressure, and as the mean excese 
resistance is 5 per cent, of 2'5 tons uer square inch we haye 

•126 X 81 7 X ® = -069 
4 

f X =: '0087 1 *-it = •104 inches. 

. •. vol. of water displaced while coming to rest 

= -104 X ^4“ = “• 

• 4 , • 

Making the plunger of the valve 2 incheS diameter, the spring would 

require to be so desigrf d as to allojy of 

e= 2‘1 inches upder an jpcrease of pressure from 2^6 to 2^75 tone pei 
square inch. With any greater‘displacement tblh under side of thf 
plunger would engage with and would lift the small esjape valve V. 

8 A 2 



a displacement of 
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Aet. 194— The Hydeaulic Intensipihe. 

Where the main pressijre supply is of loss intensity than is required to 
work the hydraulic machinery an intensifier is used. An its simplest 
form, this consists of a ram of area a, carrying a piston of larger area A 
(Fig. 347). Water from the pressure mains, at pressure p„^s admitted 

behind the piston and com¬ 
presses the water in the ram 
cylinder to an increased pres- 

sure P where P = p —, 


Example. 

(p = 40 lbs. per square inch, 
I Piston diameter = 48 inches. 
'Earn diameter = 8 inches. 

-= 36. • 

.-. P = 40 X 36 = 1,440lbs. 
per square inch. 

This neglects the friction of 
the packings, and also the 
weight of the ram and piston. 
Including these we have 
p A — (»• -f- F) = P o 
+ 1 ', 



T> ^ E- 

p — p - 

a a 


lbs. 


per square inch. Where w = 
weight of ram and piston in 
lbs. F=frictional resistance 
in lbs. 

If on the down stroke communication be made between thq under si^C 
of the piston and the upper side of the ram, the pressure p' below the 


_‘ w '--F 
~ A — a 


lbs. per square inch. 


Variovs modifications of this type of intensifier are in use, one of thMO 
bemg illustrated in Fig. 848. Here low pnossure water iSvEdmitfedi* 
-above the hollow ram A, while the intensified water is led away threttgK 
'^h« small stationary ram of area-a. 
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If It’ is the weight of the outer ram, we now have 

• * u A ’ tv — F, 

P =p — -i - - — lbs. per square inch. 

With a single intensifier the supply of high pressure water cannot be 
made Tiontinuous. and delivery only takes place on the in stroke. At the 
end of this^stroke jvater is admitted to the ram cylinder from the supply 
mains, while the water below the piston is allowed to escape. This type 
of intensifier is often fitted to testing 
machines deriving their pressure 
supply from towns’ mains at a com¬ 
paratively low pressure. 

Where a continuous supply of high 
pressure water is required, this may 
be obtained by using two inteusifiers 
placed side by side, each automatic¬ 
ally working the valves of the other. 

When applied to the working of a 
hydraulic press, the water escaping 
from beneath the piston during the 
down stroke may be utilised to bring 
the press platform up to its work, 
and to perform the first part of the 
compression.* 

Art. 195.—Friction of Leather 
CoLiiAKS FOR Rams. 

• One or other of the types of packing 
illustrated in Fig. 349 is commonly 
used for hydraulic rams or plungers. Fio. 348.—Hydraulic Pressure Iitfcnsificr. 
The inaterial used is leather, and, 

since the pressure of the water itself forces the packing against the ram, 
this pressure, aifd the friction produced, become proportional to the pres¬ 
sure intensity of the water. A very complete series of experiments carried 
eat by M*. John Hicks on rams J inch, 4 inches, and 8 ipches diameter, 
and with pressures up to 6,400 lbs. per ^udrelnch, Indicate that— 

(1) For pressures alxive 400 lbs. per square inch, friction is directly pro¬ 
portional to pressure intensity. 

> For further details of v^vo ariangcnicnts, etc., the reader may refer to Blaifte’a 
“Hydraulic Machinery,” p. 345. 
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(2) For lams ol different diameters exposed to the same pressure inten¬ 
sity, the friction in lbs. is directly proportional to the diameter, and 

therefore to the square root of 
the gross load. / 

(3) The depth of,, the ‘collar 
does not afiect tl^e friction. 
In several of the eiperiments 
the depth was reduced from 
5 inch to g inch without any 
appreciable effect on the fric¬ 
tion. 

The following approximate 
formulae were deduced from 
the results of these experi¬ 
ments : 

Friction in lbs. = C X dia¬ 
meter in inches X pressure in 
< lbs. per square inch. 

iC = •0471 for new or badly lubricated collars, ‘ 

where I ^ in condition and well lubricated. 

The annexed table gives the frictional resistance expressed as a per¬ 
centage of the total pressure on the piston, for rams from 2 inches to 20 
inches diameter and for pressures exceeding 400 lbs. per square inch : 



FlO. 349.—Leather Collars for Hydraulic Earns and 
I’istons. 


Diameter in iiicA^s 

R 1 

2 

3 

4 

5 

6 1 

7 

^ 1 

10 j 

12 

U j 

1 

IS 1 

20 

*^ricUon,% of total 

•-^.Teasure.on win. ' 

/ Well lubricated 

2-00 

] 83 

IKK) 

•60 1 

'm ■ 

•&7 

•hO 

•40 

■33 1 

2S ' 

•26 

■22 1 

•20 

1 New or badly 

1 lubricated . 

s-oo 

2-00 

1-50 

1*20 

■ft© 

•S') 


•60 

.'iO 

1 -42 

■87 

■33 

•80 


For lower pressures, the formulae 

F abs.) = pd\ -0467 -''-0000139 p } ... .' 

gives morecaccurate results, the coefScients here applying to leathers in 

good condition and well lubricated. e '• 

Where the loading is 'ecdentri'c, as is often the esfse in hydrauiiB 
jacks, etc., these values may however be increased by as much' as 

.100 per cent. ' • ; •'' 

Recent experiments by Prof. Martens, of ^erlin,' op the 'jMkmgs, 

Meeharofal JUruiineer, Sept. 7th, 1907. 
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fitted to the rams of 6 testing machines showed the|foUowing friction 
losses : 


^Prwwure (Atmospheres). 

Per cent. T ^ « per Packing. 

50 

2 - 5 

100 

1-8 - 8-0 

200 

1-0 - 1-6 


Experiments by S. L. Davis' on a 5 inch testing machiti ram carrying 
a TJ leather at its lower end and working in a copper lined cylinder 
showed that after a fair amount of service the friction, with increasing 
loads, varied irregularly from about 5 per cent to zero, with a mean value 
of 1'3 per cent., the pressure meanwhile increasing from 500 to 4,500 lbs. 
per square inch. With diminishing loads the friction had a maximum 
value of 3’6 per cent, at the lowest pressure, with a mean value of '2 per 
cent, over the whole range. 

For satisfactory working the U leather should have a ring*of metal or 
other material inserted between the flaps, and should as far as possible 
have a metal backing over its curved portion. 

Experience shows that a narrow fitting strip—not above | inch wide— 
is preferable to one which is wider, since, owing to the reduced tendency 
to bending at the bottom of the U with a shallow collar, theTeatl\,er is not 
BO liable to crack. 

Hemp packing is also used to a limited extent fgr hydraulic glands. 
Here the percentage loss in friction decreases with an increasing load, 
hut since the packing must be tightened so as to prevent leakage at the 
highest pressures to which it may be subjected, the loss at low press-?::. 

I is probably three to four times that of a leather collar. 

Akt. 196.—Wateb Mktehs. 

, It is UB-mlly fmportant that the volume of water supplied for domestic 
or power pu"poseB should be accurately measured, and various^meters have 
been devjped for this purpose. 

These may be divided into the fdllo^ing clasSes:— 

(1) Low pressure meters. 

(2) Inferential meters. 

(8) Po^jtive metgrs. 

* JUngineerin^. Feb. lltb, 1909, p. 167. 
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(4) ^Meter^ for waste detection. 

(5) Venturi meters. 

(1) This type suffers from the disadvantage that all the pressure hgad of 
the supply is lost, and that when used for domestic supply must there¬ 
fore be placed at the top of the building. It is, however, well fitted for 
the measurement of small flows. The “ Parkinson” meter, which is of 
this type, is illustrated in Fig. 350, and has given excellenf'-results in 
measuring the power water delivered by the City of London Hydraulic 
Supply Company. In this case the meter is applied to measuring the 



eSISiust water from the various machines. Here water from the inlet pipe 
’is maintained at a uniform level in the inlet chamber by means of a float 
and valve V. This valve is constructed as shown so as to be balanced 
whatever the pressure in the supply pipe. On leaving t^is chamber by 
the pipe P, the waterflows into the annular space S formed in tht drum !).♦ 
This drum ig hollow and contains four compartments formed by oblique 
radiating plates Ji, which overlap each other to the extent of about 90\-, 
Each compartment opens at its* inner periphery into the space S, and ihj- 
tuyn receives a supply of water. The centre of gravity of the water.in the 
compartment being, on aceaunt oV its position, to one side of the axis of 
.^h&idrum, this produces a rotation about the aiy’s and brings tlie next- 
compartment into communication witH the space S. At the seme 
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time the outlet 0, from the first compartment, ^hich iis on the 
opposite side of the drum to S, is brought by the rotation below 
the vjater level in the compartment, and discharges the water into the 
trough T in vbich the drum rotates, and froia which it flows away to 
the discharge pipe. The height of the trough may be adjusted as 
required, and as ^the volume discharged per revolution depends on the 
depth of i!he immersion of the drum, this enables the discharge per 
revolution to be adjusted. The number of revolutions of the drum, and 
hence the volume passing the meter, may then be recorded on a suitably 
engraved dial. 

When used for domestic supply purposes, discharge taites place into a 
cistern from which the water is led over the building. An inlet valve on 



the supply pipe—not shown in the sketch—is then opened by a ball valve 
when the water level in this cistern is lowered. 

Another meter of this general type Is shown in Fig. 850a. The appara- 
,tus consists of two tanks of equal .^ise carried on knife edges at B.' Each 
' tank is fitted at one end with a syphon pipe C, and at the other with a* 
weight I). The Jiquid to be mesanred flows through the inlet pipe E 
along the inovable guide channel F into whichever tank happens to be 
in operation. ' • 

The weights D are so adjusted that unjil Jhe^tanks, are <011 up to the 
height marked d, they remain in a horizontal position, but as the weight 
of liquid increases by the sontinued flow, the tanks come into the position 
shown by the dotted line, when the liquid*flows*thiough the syphon pipe. 
After the syphon has been started^and the level of tjio liquid in the tank 
has fallen sufficiently, the tank tilts back again to its original position, by 
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the influefice of[!;he weight D, the syphon continuing in action until 
the tank is emptied. As each tank assumes the position indicated by the 
dotted lines, it suddenly tilts the guide F over, so that the new liquid to 
be measured falls into the other tank, when the same^^operatibn is 
repeated. It will thus be seen that both tanks are filled automatically 
with fresh liquid, while the measured liquid runs away into a reservoir or 
other receptacle as required. 'i, 

The number of times each tank is filled and emptied is registered by 
the indicator H, which is connected with both tanks. When either tank 
is in a horizontal position, the guide F rests on the support J, which is of 

saddle form, so that when the 
tank is in the act of tipping no 
influence is exercised either by 
the weight of the guide or by 
the pressure of the liquid in the 
guide, or by the resistance of' 
the counter. 

(2) The inferential meter 
consists simply of a small tur¬ 
bine, through which the whole 
supply is passed, which drives 
the recording ajjparatus. The 
water is not actually measured, 
but its volume is inferred from 
the number of revolutions of 
the turbine runner or fan, 
which is the only moving part. 
The meter must be calibrated 
by allowing it to pass a known 
volam6 of water per minute, and has the advantage of being small, light, 
"and cheap, and fairly accurate for good speeds of flow. Siuce, however, 
there is a limiting velocity of flow, Jbelow which th^ reaction on the' 
runner vanes is insufficient to overcome the friction of the bcafrings and 
recording mechanism, it is unsuitable for recording smaK flows. More- ^ 
over, the runner tends to keep on rotating for some short time after the 
'flow of water has ceased, and thus to over-record the flow. Where taps 
are opened and closed frequently, this actioq, unless guarded, against,' 
may lead to the flow registerdil being largely in excess of that actually' 
taking place. 

,, Tylor’s Inferential Meter (Tig. 351) is of this type. Here water enters 



Section on Line 00 

Fig. 351.—Tjlor's Inferential Water Meter. 
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'at A, and surrounds the inner casing shown in Becti(Ji at B* It then 
finds its way through two inclined ports in this casing, and, impinging 
on. tl^ vanes of the fan F, drives this around with a velocity which 
depends on %e flow of water, and which is roiorded on the dial worked 
by its •spindle and worm gear, afterwards escaping through the ports D 
and pipe F. To prevent overrunning, eddy formation is fostered by a 
series of recesses formed around the inside of the inner casing, and by 
baffles above the fan at G. To reduce friction at the lower footstep bearing 
an oil reservoir is provided in the hollow spindle of the fan. 

(3) The Positive Meter consists of a small hydraulic rnpine, either of 
the rotary or reciprocating piston type. All the water to be measured 
passes through the cylinder or cylinders of this engine, and its volume 
is taken as that of the piston displacement. 

The number of revolutions or strokes of the piston being registered 
on a recording apparatus, this is easily arranged to record the volume 
passed. 

The rotary typo is common in the United States of America, and, as 
usually made, consists of a casing of gun-metal or vulcanic, in which 
wo'’ks a rotary vulcanite piston. This has no moans of compensating for 
wear, and, as thus constructed, is very unreliable for small flows, even when 
new. After being in use for some tin'o the increased leakage past the 
iiiston renders it still less reliable. 

The Kent “ Uniform ” meter (Pig. 852) is one of the best^ this type, 
and here compensation is made for the effect of wear bf the rotary piston P 
by an adjustable metal tongue S. In this meter water is admitted at A 
and fills the casing around the working chamber B. The vulcanite piston 
P, elliptical in section, rotates and slides freely, but without play, on the 
fiW hub Q, which is itself eccentric with respect to the working chamb^ 
The piston carries a central pin which describes a circular path as rotation 
takes place, and which actuates tl.J recording mechanismt 

The bottom ports at C are in free communication with the chamber B* 
and the action o^the meter is as fp’lows:— 

• Assunuii’l; the piston to be in the position shown in dotted lines, water 
is admitted tarough these ports and the upper port D, to the 8p#!e between 
the ohamBer, the piston, and the tongu^ and t%the "interior of the 
hollow piston, thus exerting a pressure between the hub and the inside 
of the inner end of the i^ston, as well as on the outside of the piston 
from C to S, and driving the latter round in % clockwise direetion. At 
the end of half a revolutien the otjier end of the piston becomes the driver 
and so on 
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Fig. 3r)2.—“ Kent" PoRifivo Water Meter. 


In thfr meantime water has been filling the space to the left of die 
piston until the positipn shown in fuH lines is reached, when lihasugplj^ 
is out off from the space F, this space is put into communication with the , 
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Recording 

Mechanism 


discharge port K by way of the lower port E and the follow piston, and 
for thewemaining half revolution the water in this space and in the outer 
end of the piston is discharged through K, thi: whole cycle of operations 
then being rei^eated. The action * 

becomes nfuch more evident if a 
tracing shewing 4he piston be 
rotated, keeping its correct rela¬ 
tive position, through a whole 
cycle. This meter is used ex¬ 
clusively in connection with the 
measurement of pressure water 
from the power station of the 
Manchester Corporation, and 
has given excellent results. For 
such a purpose this type has 
the advantage that in case of a 
breakdown the flow of water is 
not stopped, the wastage of 
water thus entailed being of 
small consequence when com¬ 
pared with the inconvenience 
caused by a stoppage of the 
power supply. 

Many types of the recipro¬ 
cating piston meter have been 
made, but space forbids the 
mention of more than one 
example. The “ Imperial ” 
meter of Mr. Schonheyder (Fig. 

353) consists of three single- 
acting cylinders fitted with a 
jingle Immispht^ical gun-metal ' 
distributing valve V bearing on 
a vuleani^ seat S. The upper 
side of each piston is exposed 



Outlet 



Fig. 353.—SchSnheydcr Positive Water Meter. 


to inlet pressure, and according to the position of the valve the lower side 
of each in succession is put into commimication with the outlet passftge. 
The pistons are^thus successively forced down and their contents discharged 
into the outlet. At the same time one or both oi the other cylinders is 
having its piston raised, water being admitted below the piston. 
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■Uetallic Cordtofitcordiog 
Mechanism 


Discharge ia thVin practically continuous and the machine has no dead 
centre, while the smallest flow is registered. The positive type' hasithe big 
advantage over the inferential meter that whereas the correct registration of 
the former is unaffected by an increase in the friction of the moving parts, 
such an increase in friction tnay seriously affect the speed of the latter 
for a given flow. Its chief drawbacks consist in its liabili/;y to water 
hammer unless worked at a very low speed, and its consequent large 
dimensions and high first cost. 

(4) One of the best types of meter for the determination of the varying 
flow in a pipe,.and hence of leakage, is that of Mr. Deacon (Fig. 854). 
Here the water flows through a conical tube containing an axial rod 
-which carries a circular disc D. Any axial movement of this disc is 

resisted by a spring, and is recorded ' 
on the registering apparatus. The 
varying pressure on the disc, pro¬ 
duced by any variation in the rate 
of flow, may then be registered, and 
by suitably calibrating the recording. 
mechanism the position of thdrod 
may arranged to indicate the 
flow in gallons per minute. 

(5) The Venturi water meter, in¬ 
vented by Herschel in 1881, and 
called by him after Venturi because 
of the experimental work of the latter 
on the physical properties of diverg-- 
ing tubes, depends in its principles on the truth of Bernoulli’s theorem. 

It is at once the simplest, and for large quantities of water the most 
satisfaptory metier yet designed, and simply consists (Fig. 355) of a pipe 
.passing the whole quantity of water to be measured, and fitted with a 
portion BC, uniformly converging to a short parallel throat CD, At D 
the pipe again diverges to its full dianftter at E. The t sual proportions 
of the meter are indicated in the figure in terms of the pipe diameter, 
experiments showing that an angle of divergence of 6° 6' gives the best 
results in the recoifversion ti kinetic to pressure energy from D tO/£. 

■ If the pipe be horizontal, and if A and a be the areas of main pipe aniLpf 
throat, then, as shown onp 80, with a perfect iiuid 

V _ / ~P ^ 


OuM 



Inttt 


Flo. 954.—“ Dcifcon ” Meter. 
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Owing to viscosity, the true velocity aecompanyii% a giten fall of 
pressure — pj is less than this, being given by 



Where cis a coefficient of velocity which depends slightly on the diameter 
and material of the pipes and on the velocity of flow, increasing with the 
diameter and velocity of 
flow and diminishing as 
the surface roughness 
increases. 

Experiments by Her- 
schel show that c varies 
from '94 to unity, the 
great majority of tests 
giving values between 
•96 and •99. In a 48" 
meter c had the value 
•995. 

For any meter ^ ^ ) is the ratio commonly being 9:1, so 
that 

__ 

j is constant = k. 




Taking-^ = 9, then k -8972. 

a oO 

Then the volume in cubic feet _y 4 _ ^ j. ^ — P.. 

per second through meter I, IF, 

= ( 1 ) 
Here or — h* is the difference in pressure at the throat (1) 

rr ff 

and entr:^ce ( 2 ) expressed as a head in feet of water,^and is directly 
measured in the meter. The constants 1: a«id k beir/g determined for the 
instrument, the volume passing per second may be directly inferred. 

This meter has the advantage of registering^at almost any velocity,'the 
permissible raqge of velocities depending on the permissible Idfes of head 
in passing the meter, ^renerally, a maximum velocity of up to sixteen 
times the minimum is permissible. It will register with veloeities eo low. 
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aa *2 foot i)er seJjnd, and is exceedingly accurate when fitted to large 
mains, but is not suitable without careful calibration for use-iiF small 
pipes below about 2" diameter, because of the greater proportional effect of 
viscosity in such pipes. It is, moreover, not well adapted fo^" use in^pipes 
where the water is subjected to periodic pulsations, as, for example, in the 
discharge pipe from a reciprocating pump, since this in likely to set up 
oscillations in the recording mechanism. * 

Prof. C. M. Allen (“Am. Soc.Mech. Engineers,” December 1909), on tests 
of a 2" Venturi used for boiler feed, found a factor “ C ” varying from ’988 
at 40 lbs. per sq.^in. to '962 at 200 lbs. With steady flow errors were less 
than 1 per cent.; with pulsating flow, within 2J per cent. 

For measuring the difference of head — /(„, a differential gauge 
consisting of a U-tube containing mercury, 
may be used (Fig. 355),^ though where 
small differences of pressure are to be 
measured a preferable device is that shown 
in Fig. 356, where the difference of pres¬ 
sure head is directly measured in feet of 
water. Here compressed air must be snjl- 
uUed to the higher portion of the inverted 
U-tube. 

If the meter tube be not horizontal, and 
if z be the difference in level at the entrance 
^nd throat, so that we have 
J'lo. 366. o Pa , VaI _ iVat. 

it is easily shown that equation (1) becomes:— 

Volume per second = e k' “ K) ~ 

If the connecting tubes be shut off from the main, and connection be 
piade so that the water may attain a common level in the two tubes, and 
if now the pencil of the recorder be put to zero, the effect'is to add z 
automatically to the observed head, afid on cutting offc the ccainection 
between the tubes and coupling up to the mains, true readings will be 
given on the ordinary record sheet. ^ , 

It should be noted*that the «osverging portion of the main is the only, 
part really essential to the meter action. The diverging cone simply 
ensures that the reconversion oi kinetic into potential energy shall take 

^ > Where a mercury gaugCjis used having Ihe cjnnecting pipes full of water, it ^s easily 
shown that the effective gauge reading is less than the apparent in the ratiodL^-^ — -926.) 





Sectional Elevation. 



place without undue loss. Where the meCfer'is Required to measure the 
flow in either direction, the angles of convergence and divergence are 
each made equal to 6° 6'. , 

The Venturi n^eter is often used with a registering device giving an 
automatic record of the velocity hr discharge. Olie form of such a 
recorder is shown in Pig. 857. Here two float pi^es are connected , 
a.A. 8 B 
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respectively to the upstream and throat chaml)ers of the tube. Eacli 
contains a float, and these are connected by means of wire cords to a 
differential gear consisting essentially of three bevel wheels A, B, amd C 
of which the motions of the two equal wheels A and C are controlled by 
the floats, while D is carried on an axis attached to a loose sleeve. 
Evidently if the wheels A and C revolve in opposite d'.hrectiors owing to 

the water columns rising or 
falling together, the wheel B 
will simply revolve on its axis. 
Any alteration in the relative 
level, however, causes the wheel 
B and the sleeve on which it is 
mounted to rotate about the 
axis 1), and thereby to produce 
a vertical movement of the rack 
E, which gears with a pinion J 
mounted on the outer end of 
the sleeve, and which Carries 
the recording pencil B at ‘its 
upper end. The recorder may 
be arrang(«l to indicate either 
the velocity of flow and there¬ 
fore the discharge at any 
instant, or the total discharge 
of the meter. In the former 
case the pencil traces out a' 
curve on a sheet carried by, a 
vertical drum driven at a con¬ 
stant rate by clockwork, this 
paper being ruled with hori-* 
zontal lines the distances of 
FIO. 858.-Intsgr.ttag Meohanta for Venturi ' (representing- equal k- 

, > crement of velocity) from the 

zero Ike, are proportional tox/k Where it is required to have, 
automatic record of the discharge as well as a redtrd of the mte 
■of flow, an ingenious integrating device is used. ‘This consists of ai)(' 
additional drum concentric witn the recording drum and rotated tihiformlyj 
—jiBually once in 10 minutes—by clockwork. „The surface of.tUs 
is in two planes; one of the full diameter'of the drum, and the^’other^ jif^, 
r^uced diameter forming a reccssed surface. The boundaty ohrve,<i^|^',' 
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raised surface is a portion of a parabola. The arraifgement is shown 
diagra&matically in Fig. 358. A roller U receives vertical motion from the 
float inechanjpm, and is pressed against the ili-rm by a rocking frame F. 
This frame carries a pinion P which actuates the counter mechanism, 
and whieh'doas, or does not, gear with the teeth of a spur wheel carried 
by the drpjB aceoifling as the roller is on the recessed or the raised portion 
of its surface. 

Thus when the roller is at the highest point it engages only with the 
raised surface, so that in this position—corresponding to no flow—the 
counter is not actuated. At the lowest' # 

position the roller is entirely upon the 
recessed surface, and the counter is 
actuated continuously. In any inter¬ 
mediate position the counter revolves 
only while the roller is in contact with 
the recessed surface, so that the fraction 
of the period of revolution of the drums 
during which the counter rotates is pro¬ 
portional to Ti. Thus since the velocity 
of flow is also proportional to s/~h, the 
discharge is summed or integrated, and 
can be read directly from the counter. 

Another type of velocity recorder is 
shown in Fig. 359, while where a com¬ 
bined velocity and discharge recorder is 
required, a modification of this in which 
s*cast-iron U, having both legs of the 
same area and containing mercury, may 
be used. These contain iron floats which carry light* racks gearing 
with pinions) which convey their motion to corresponding racks placed 
outside the tubegj The racks ca-iy light rods which pass up to the 
rdfcording Vechanism. That connected to the float in the throat chamber 
regulates tho amount of registration by the counter, while the second 
carries the ^mncil of the velocity recorder., 

ExiMFIiGS. 

(1) Determine the H.P. transmitted'tiirou|h a 6-inch pipe if the 
velocity of flow is 3 feet per seeon^, and the delivety pressure 1,000 lbs. 
per square inch. 



Fig. 359.—ttecording Mechanism for 
Venturi Meter. 


Answer* 164* H.P. 
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(2) If in the prWeding question the pressure at the station js 1,120 lbs. 
per square inch, determine the efficiency of transmission, and alSoJ'taking 
/ = '01, the length of thofsupply pipe line. 

Answer. Efficiency = 89‘2 per cent. 

Length = 4'7 miles. 

(8) 100 B.H.P. is required from a hydraulic motor having an efficiency 
of 76 per cent. The motor is two miles from the generating station and 
only a single 6-inch pipe line is available. The pressure at the station 
being 1,120 lbs. per square inch, determine the pressure at the motor, the 
efficiency of transmission, and the velocity of flow. 

Answer. Pressure = 1,088 lbs. per sq. inch. 

Efficiency = 97'0 per cent. 

Velocity = 2'892 f.s. 

(4) Two branch pipes, respectively 4 inches and 3 inches diameter, are 
supplied from a O-ineh pipe. The pressure at the delivery end of the 
4-inch pipe is 700 lbs. per square inch; that at the end of the 3-inohpipe 
is 710 lbs. per square inch. These pipes are.respectively 600 and 700 
feet long. The 6-inch pipe is 880 feet long. Take / throughout as being 
= '01 and determine the pressure at the inlet to the latter pipe. 

(6) Determine the maximum H.P. which can be transmitted through a 
4-inoh pipit^vo miles long—/ = •012—if the inlet pressure = 780 lbs. 
per sqilhre inch. Also detomino the pressure at the outlet, and the 
"elocity of flow when this ^wer is being transmitted. 

*' ' Answer. 56'4 II.P. 

Pressure = 600 lbs. per square inch. 

Velocity = 4'94 feet per second. 

(6) An accumulator has an 18-inch ram and 28 feet lift, and is loaded 
with lS9 tons total weight. Taking ftiction to account for ‘28 per cent, of 
the total pressure on the ram, determine the H.P. given into the mains if 
the accumulator falls steadily in three jpinutes, the pumps delivering 500 
gallons per minute in the meantime. 

' Answer. Total H.P. = 67 + 396 = 463.' 

, . 

(7) A steam acciimulator^ is' placed horizontally and has a 48-uich' 
steam piston coupled to a 6-iuch ram. The steam piston packings, etc.,, 
exert a frictional force of {>00 lha., while the hjfdraulic packings account' 
for 1 per "cent, of the total pressure exerted on the ram. Determine thi8_ 
pressure if the steam pressure is 150 lbs. per square inch. 

Answer. . 9,486 lbs. per square inch. 
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(8) The ram of a differential accumulator is 4 inche^ameter, and the 
surrpia'^jh^ l»iBh is J inch thick. Determine the accumulator pressure 

if th« supported weight is 10 tons, neglecting he effect of friction. 

^ ( 

^ Answer. 3,168 lbs. per square inch. 

(9) Ths'Lccumulator of the preceding question feeds a riVeter, whose 
ram, at tlys end of its working stroke, suffers a retardation of 5 feet per 
second per second. The riveter ram is 5 inches diameter. Determine 
the pressure on the rivet head at the end of the stroke. 

Answer. 32'1 tons. 
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HYDRkUUC APPLIANCES. 


Art. 197.—Hydraulic Lifts and Hoists. 

Probably in the aggregate more power is used by lifts and hoists than 
by any other class of hydraulic machinery, and for such work as this, 
hydraulic transmission is particularly suitable. 

Several types of lift are in use, these consisting of modifications of the 
simple diregt-aeting or of the suspended type. The former consists of a 
hydraulic cylinder sunk vertically in the ground; of length slightly 
greater than the maximum travel of the lift; and fitted with a ram which 
carries the lift cage as shown in Pig. 360.* 

Pressure water is admitted below the ram, and thus raises the cage. 
It follows tMt the ram, considered as a loaded column, must be of suffi¬ 
ciently large sectional area^ support the weight without buckling, and 
this preveij^ts the uje of very high pressures in the ram cylinder. ’ 


Example. 

“~if the gross weight to be lifted = 2 tons. 

„ , pressure in cylinder = 750 lbs. per square inch, 

t „ lift travel = 80 feet. 

We have Hie area necessary to i ^ ^ g . , 

. raise the weight ) 750 u 

Ean\ diameter = 2J inches, 

a diameter wh\,ch is obviously too small for a column 80 fijet.longv to^ 
support 2 tons withdut buekliiig.' ' ' . ■ 

Actually, however, the area of the ram would need to be greater thto'V' 
this in order to overcome friction and to give the necessary acdeleratioii'! 
' ajt starting. 

*1 By kind penni88ion%{ the maken. 
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Thus if # = 2 f^et per second per second, while f = 10 per cent, ol 

the total force on ram, we have ' 

, 4,480 (-t » .-I 

area of ram , = 11^ [ I’l 

, „ 4,480 . . , , 

= 1‘17 X 7 square mchei. 

.. I , 

In practice it is usual to make allowance for friction and adceleration 



by making* calculations for a load about 25 per cent, in excess of the 
nominal. t , , . ., , 

If the area of the ram l)e increased, the working pressure must be 
reduced to suit, and for this purpose some form of pressure red,ucer in' 
effect a reversed intensifier—is used. Also, since the weight of ram- and 
cage forms a large prapoition ol the whole load‘to be lifted, thi^must be, 
balanced for efficient working. 
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Since the volume of water displaced by the ram dyhinish^ as the lift 
rises^tl^e effective weight of the ram, which is its own weight less that of 
the.water displaced, increases. In lifts for 'arge powers the effect o^ this 
variation il in general unimportant, 
and'becqjjies of less importance as the 
working jiressur| increases. 

• * Example. 


From Pressure Supply 


Pressure = 250 lbs. per square inch. 

W = h tons. 

Lift = fiO ft. 

5x2,210 . . 

Area of ram = —“ 44*8 fniuare inches. 

BifFerence in / Weij;ht of a column of 
apparent weight of _ j water 60 feet long and 
ram at top ami "" 1 44’8 square inches sec- 
bottom of its si roke ■> \ tion.nl area, 

00 X 14-8 , 

“ lu ^ 

1, Hi* lbs. 

If working pressure - 500 lbs. per square inch, 
the area of nun — 22-4 fwjuare inches and its dif¬ 
ference of weiglit - 583 lbs., a value which is 
small in comparison with the weight of five tons. 

Various devices have been adopted to 
overcome these difficulties. 

The weiglit of the ram and cage may 
be balanced by a counterbalance weight 
attached to the cage by chains passing 
over a series of pulleys at the top of 
the lift shaft, and since, as the lift rises, 
’the length of chain on the balance- 
weight side of the pulleys incieases. 



ToUft Cylinder 


Fig. 362.—llulaiice Cylinder for 
Hydraulic Lift. 


this may be made to counterh,mince the increasing effeettive wei{>lit of the 
ram by rasiking the chain of such dimensions that its weight per foot rdn 
is half that per foot run of thj column of water displaced by the ram. 
This ruethod suffers from the disadvantage that the upper part of the 
ram is in tdnaion, and a fracture would cause the cage k) be dashed 
against the toj) of the shaft. It thus detracts froi^ the’otherwise essen¬ 
tially safety i'eatures of this type of lift, and also increases the mass to be 
accelerated at the beginving of the travel. 

A second device, which is more common i>i high-class work, is that of 
the balance cylinder, owe type of which is illustrated in Fig. 3C1. Here 
pressure water is admitted to the interior of the hollow ram B. The 
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cylinder in ci.mmunication with an auxiliary low pressure supply, 
through the pipe t, and a downward pressure on the annulus at E is 
thus produced, which, together with the weight of this ram, produces a 

pressure in ther cylinder F 
sufficiently great to balance 
any required proportion of 
tlie weight*^ of thSr lift ram 
and cage. The total pressure 
transmitted to the water in 
the cylinder F is then the 
sum of the weight of the ram 
B and of the pressures on E 
and on ram B, the former 
performing tiu) balancing, and 
the latter lifting the load. 

A suitable area of lift ram 
being assigned, the external 
diameter of B is calculated so 
as to give the required inten¬ 
sity of pressure in the cylinder , 

F. The lift cylinder is sup¬ 
plied from F through the pipe 

G. On the down stroke of 
the lift, the ram B rises, the 
balance water is returned to 
its own supply tank, and the 
only water rejected is that 
originally filling the high-* 
pressure ram B. In a lift of 
this type mentioned by Mr. 
Ellington, the lift ram was 

inches diameter, the lift 
carrying 7 cwts. with & 70 feet* 
rise. The voluihe of pressure 
Fi8 . 863»-Su9gendcd Hoist. ^ water at 700 Ibs. per squdre 

, ' inch was 10 j gallons per. trip, 

a§ against 43 gallons when working direct-aoting;,and without the^telahoe 
cylinder. ^ r * , • # 

tt will be observed that as the balance ram falls, the pnessur^ on thd 
annulus E increases, due to the increasing head to which it is subjecljed, 

f • ' vit-. 
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and this to a certain extent counterbalances the di^rence jn effective 
weightot the lift ram. 

A,second type of Wanoe cylinder, which has the advantage that all 
packings artf e.xternal, is illustrated in Pig. a68. Here pressure water is 
admitted jj^rongh the hollow ram A to the movable cylinder B, and forces 
water at a reduoed^ressure out of the fixed cylinder C into the lift cylinder. 
The cylinder B is weighted, this weight being proportioned so as to pro¬ 
duce a pressure in C sufficient to'approximately balance the weight of the 
lift ram and cage. No attempt is made to allow for the varying effective 
weight of the lift ram. Sufficient of the weight is iuit nnbalanced to 
cause the lift to descend with sufficient rapidity on'ihe down stroke 
even with an empty cage. A lift of this type, to lift 20 cwt. through a 
distance of 90 feet, carries a six-inch ram and uses 24| gallons of water 
at 700 lbs. pressure per trip, as against 109 gallons without balance 
cylinder. With the direct-acting or ram-supported lift, hoisting speeds 
up to 180 feet per minute are common, 240 feet per minute being about 
the maximum. 

The second type of lift—the suspension type- is manipuiated from a 
hydraulic ram having a comparatively short stroke. The requisite travel 
in the wire rope or ropes by which the cage is suspended, is obtained by 
multiplying this by means of a jiggoi. 

The weight of the cage may bo balanced by hanging weights, the vary¬ 
ing immersion of the ram in this case being unimportanf. A^hoist on 
this principle, but with unbalanced cage, is showfi in Pig. 368, while a 
balanced lift is shown in Fig. 864. Here two wire |opos are employed 
for lifting and two for carrying weights which partly counterbalance the 
cage. As the cage of a suspended lift rises, a portion of the weight of the 
suspending rope is transferred to the plunger side of the supporting 
pulley, and the effective weight transferred to the plunger consequently 
varies throughout the whole of *its stroke. Fig. 865’ shows 3ne, and 
Fig. 366 a second method of compensating for this rope variation. In 
the former a dojjble-balance chciii is suspended from the cage as shown, 
So that if TR be the travel oi the cage, the length of each chain is R -i- 2 . 
Let m be t^e multiplying factor for the jigger; W thS weight ol 
unbalancSd pojtion of cage; w the w^gljt qf the,euspbnding cable pei 
foot run; v>’ the weight of each balance chain per foot run. 

Then with cage at bottem, the pull op plunger = m {IF -1- w Ji} 

„ „ „ top, „ „ =m{W+w',R)-wL 


And for these to be equal, to' 
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In the second method, the lower side of 
the plunger is in free communifetiop with 
an open standpipe of height h feet confiain- 
ing water. Let d and D be thfi diameter of 
standpipe and of plunger, -in feet. 'Then 
R 

if h = —. -n, the difference «f upward 
pressure on the plunger at the top and 
bottom of its stroke is 62'4 
lbs. 

For this difference of pressure to counter¬ 
balance the difference in the effective weight 

of cable, i.e., wR (1 -f —), we must have 
m 


^ ^ + m) “ 


62-4 


4 




h = 


R \4w (m -b 1) 
m I 62-4">r 


while 


il = 




(tn + i) 


- 1 


()2-4 IT /)^ 

^ The suspensiaii system has certain advan¬ 
tages in virtue of the cheapness of construc¬ 
tion of the shorter ram and cylinder, and 

• does not necessitate the provision of a deep 
well below the lift shaft to contain the 
cylinder, \(hich may be fixed horizontally if 
required. Its drawbacks are due lo the 
inefficiency of the multiplying jifeer, and to 
the serious* effects which %iay fellow thq 
rupture of a wire rope. If carefully designed, 
and frequently examined, the letter cqn- 

• tingtacy should, however, be very remote, 

Fio. 884. — Multiple Wire Sue- while the provision of adequate safety catches 

pended Lift with. Counter- renders this almost as safe as the 

buUnce Weights. / . , . . , 

' direct-acting system. The sjieed of. hoisting 

may be made as great us is convenient. For passenger hoists this is 
Bsuallv about 2 feet ner second, and for warehouse hoists un to -about 

























Fio. 366 —Elevator witli Chain CompenBa- 
tioE for Hope Variation. 


ltlQ.*366!—Hydfaulio Elevator with Water 
Column Compensation, 


For very heavy lifting, such as is necessary in canal lifts, «tc., where 
loads up to l,db0 tons may be carried on a single ram, the direct-acting is 
the only suitable type. 
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Art. 1T)8.—lijFFICIBNCY OF THE HyDRAOLIC JiGGBft 

The chain, or wire rope, and pulley multiplying gear known ai the 
hydraulic jigger which is hsed to multiply the motion of a' short stroke 
hydraulic ram for crane or hoist, as illustrated in Figs. 864 to 366, 
diminishes the mechanical efficiency of the system to a^airly large extent. 

The loss thus introduced increases with the number of multi^)Kcations, 
and its magnitude varies so largely with the, size and condition of sheaves, 
bearings, and rope or chain, that no definite law can be expected to cover 
each case even approximately. 

With ordinarj' well-designed gearing, having large pulleys, small 
bearings, and wire ropes in good condition and well lubricated, the 
efficiency of the jigger may be taken as being approximately given 
by the following formula (H. Adams)— 

tj = '906 — '021 m 

where m is the number of multiplications of the stroke. 

If, then, the friction of packing leathers = 6 per cent, of the total force 
on the ram, Ihe efficiency of ram and jigger is equal to 
•95 {-906 - -021 m } 

= '86 — '02 m 

This gives the following values of the efficiency:— 


m 

9 

« 

2 

t 

/' 

6 ' 

8 

10 

15 

20 

Eff. 

•82 

•78 

•74 

•70 

•66 

•56 

•46 


Art. 199.— Hydraulic Cranes. 

Where high-pressure water is available it provides a most convenient 
means of operating power cranes, and in its safety, ada^abiljjiy to sui^ 
varying conditions, and steadiness of operation, offers many advantages 
over its rivals—gompressed air and electricity. ,, » 

Such cranes are ifeually cJISrSted by hydraulic jiggei^, the varioui' 
operations of lifting, racking, and slewing being often performed by 
separate rams and cylinder^ each regulated by its own separate valve. 

.Where tfie load to be liM may vary within wi^e limits,,some devicei» 
usually adopted to econbmise water at li^ht loads. For small cranes, ^ 
a^ut two tons, a differential or jielescopic ram may be used, the 
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working inside the larger, which itself works in the^ressuns cylinder. 
For hfht loads the larger is held stationary by looking gear, the smaller 
ram«then doing the lifting. For heavy loads the two rams work together 
as one. * 

Such aii»arrangement is shown in Fig. 367, lli and being the two 



Rams foj- Tw6-Power Crane. Flo. 368.—Hydraulic W*ll Crane. 


rams. Under dight loads the ram Ri itf held hy miJans of the catches Ci 
and Ci which are actuated by the lever L. 

A second arrangemenf consists of a'single vjim d carrying a plunger of 
somewhat larger diameter D. For heavy loads water is admifted only to 
the larger plunger, whire for lighter loads both iSides of the plunger are 
put into free communication with the pressure supply. The forces exerted* 
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in the two lOasee then in the ratio of D*: I)** — (i“, while the volumes 
of water used per stroke are in the same ratio. ' ’ . • 

For loads much above two tons, two distinct cylinders, each having its 
own valves, pipes, chains,'and jib-head sleeves, offer many'advantages. 
Thus for a 10-ton crane, one cylinder to lift tons and a sewnd to lift 
tons would be suitable, the two working in conjunction for loads above 
tons. *■ ' 

In Fig. 868 a simple type of hydraulic wall crane, suitable for a ware- 



Fig. 369.—Self-contained Hydraulic Crane with separate Hacking, Hoisting and 
Slewing (yliiidere. 


house, is illustrated. Here hydraulic power is used for lifting only. The 
jigger may be placed against the wall as shown, or horiz5fltally»if prefer¬ 
able, and the controlling valve worked from a hand rope'on any floor 
of the building. ' 

In Fig. 369, a typlS of hydAufic crane much used in steel works, for 
removing ingots from the soaking pit to the rolling mill, is illustrated.* '• 
The crane is self-contained hoisting, lowering, racking in and aut, ani" 
slowing being performed by hydraulic power. The latter op^ation iS • 


By kii^d permiasiou of the makers. 
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performed by means of chains gearing with a chain ^heel fised on the 
found£«tion*plate. 

There are two racking cylinders li, with a f'x-fold multiplying motion, 
one hoisting tsylinder II, with an eight-fold multiplication, and two slewing 
cylinders h't with a two-fold multiplication, the valves being si^placed that 
one man hasdull control over the whole crane. 

The iHif^ration shows details fairly well, and is self-expk.natory. 

For comparatively small powers and lifts these cranes may be direct- 
acting, such an one, suitable for loads up to two tons, and for lifts up to 
about 6 feet, being illustrated in Fig. 370.^ Here tUo lifting hook is 
attached d i rectly to a car¬ 
riage running along the 
jib, which is itself raised 
and lowered by a direct- 
acting hydraulic cylin¬ 
der sliding between the 
cheeks of the mast and 
working upon a hollow 
steel ram forming the 
bottom centre of the 
crane. For smaller 
loads and lifts the lift¬ 
ing cylinder may itself 
be suspended from the 
travelling carriage, the 
hook being attached to the ram, and pressure water being conveyed to 
tjje cylinder by a walking pipe. 

With the hydraulic crane the speed of the lifting hook may be adjusied 
up to about 6 feet per second. ^ , , 

Dock Cranes.-- Fig. 371 shows the general arrangement of a movable, 
hydraulic luffing crane having a lower power of 15 tons and a maximum 
power of, 80 toi’#. This crane mis a lift of 60 feet and the jib has 
3b feet im.xim^m and 20 feet minimum rake. ^ 

Fig. 872 shows a type of balanced jib luffing crane,* as built for coaling 
purposes. *The,jib has an extended end tft wiiich are attached the counter¬ 
balance weights and tie rods. The lower ends of the tie rods are attached 
to a travelling crosahead JBtuated by the *ams jjf the luffing cylinders and 

1 By M^rs. The llirtlraulic Enpueering Co., Ltii., Chester. 

• Bycourtcsy of Messrs. Sir Armstrong, Whitworth & Co., Ltd. 

• By courtesy of Mr. Arthur Miisker, M.I.C.E. 

E.A. ’ 3 0 





Fig. 37 ;.’—SO-ton Hydraulic Lifting Crane. 

BIBO carry a compenBating pulley. The lifting rope or chftin passes 
over this pulley as shoivn in the sketch, with the result that when the jib- 
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maintained constant for al> radial positiops of the weight. 
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Art. 200.—Hyduaiilio Coal Tips. 

Fig. 878 shows one of a series of hydraulic coal tips designed toolift a 
waggon of ten tons through a height of 45 feet and to discharge this 
through ttie shoot S into the hold of a vessel. The lifting cradle C, 
is actuated hy four rams, one small and one large one pn each side. The 
smaller rams are for the purpose of partially balancing the' weight of 
the cradle, and are in constant communication with the high-pressure 
mains. These four r.ams are each 45 feet long, and press against 
a cross girder above the cradle, which travels in vertical guides. The 
cradle is suspended from this cross girder by adjustable Isilts, and the 
tipping cradle rests upon the main cradle and is hinged on the end 
nearest the dock. The shore end of the cradle for tipping purposes is 
actuated by means of wire ropes which pass up from the shore end 
of the cradle on either side to near the top of the tip framing, thence 
over sheaves. The bight of the rope is carried over guide pulleys and 
up to the side of the main cradle, where it is passed over a sheave 
attached to 'Ihe framing of this cradle. The tipping ropes from each side • 
of the cradle are by this means made out of one rope, and any inequality 
in the stretch of either end of the rope is adjusted by the bight of 
the rope traversing over this sheave upon the tip cradle; this rope, which 
acts the part of two ropes for the tipping cradle, is free to run round the 
sheaves, of the tipping ram and cylinder, as the main cradle lifts or 
lowers,,carrying the tippiffg cradle with it. 

The main cradles are fitted with cross girders above the ordinary 
height of the top of a wagon, and should the tipping cradle be very 
rapidly lifted, these girders act as a stop to prevent the wagon being 
th*)wn off. There are two cranes on each tip, one capable of working 
four tqps and ,the other eight tons. All movements of the various 
.appliances are controlled from the elevated cabin on the side of the tip. 
The point of the shoot can also be lifted or lowered from the tome place. 

The butt of the shoot is lifted or* lowered by meqps of fhe main 
cradle, upon which there are a pair of sliding dogs, which pay be push^‘ 
out to engage in the shaft which carries the butt. The latter is 
held, when the proper pasition* is obtained, by means ssf clfains, each, 
attached to one end of the shoot shaft and carried up to the' top 
the tip framing, thence ^ver .sheaves and hack down alongside tW' 
piddle frhme of the tip, where there are suitable cleats arjranged ijtt^ 
which these chains ar« placed, and there secured by bolts.' ■ The pojittfM, 
the shoot is moved by means of wire ropes which pass up to t|^,Jop.^ 
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Flo. 87S.—Hydraulic Coal Tip. 
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Fio. 873 a.—H ydraulto Coal Tip. 
































Fig. 374.—30-T«n Hydraulic Coal Tip. 


Of the lip apd thence to a crab i^injh ^actuated three-cylinder 
hydraulic engines and fitted with brakes for adjusting the shoot point 
where required. • ^ ^ 

The pressure water is brought by two tier^of 8-inch main^in a trench 
beneath the'tips. T8 enable .the lips to be jpoved laterally with9ut 
uncoupling the pipes, tjiese are fitted with walking pipes, shown at W 
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in the illustration^ which have a range of 15 feet, and as the shobts 
themselves are pivoted and may be radiated in either direction ,5 feet 
from the centre of the tip, this gives an extreme range of 25,feet 
without changing any water connections. ' 

The capacity of each tip is about 500 tons per hour.«,Fig. 374 
shows one of a seric.s of more recent tips erected by the same makers* at 
Newport, Mon. These are designed for wagons of 30 tons groSs'Weight, 
the total lift being 50 feet. Hoisting is performed by wire ropes, two 
hoisting cylinders being provided. The walking pipes for supplying the 
cylinders are shown on the left hand of the sketch. 

The main hois’iing cylinder has a ram of 18 inches diameter, with a 
25-fQot stroke. The auxiliary ram is 9 inches in diameter, and has also 
a 25-foot stroke, wliile tlie tipping ram is 9 inches in diameter, with a 
stroke of 18 feet. Two cranes, one of 8 tons, and one of 5 tons capacity, 
are provided for handling anti-coal-breaking gear, having each a lift of 
500 feet. They are provided with lOi-inch and 12:|-inch rams respec¬ 
tively, both of 25-foot stroke. Th(! slewing-gear of each crane is driven 
by a ram 6^ inch in diameter and 2-foot stroke. 'I’he hoist may be 
worked anywhere within a I'ange, of 200 feet, the travei’ser gear for 
working the trucks extending over this distance. The cylinders for 
operating the traverser gear are li.xed in pits beneath the track.'* 

Aut. 201.- Hywuulic Ciiane Valves. 

The su^ly and dischargt^f water to and from the cylinder of a crane 
may be adjiwted by means of a simple or compound slide or instou valve, 
as shown in Fig. 375, or by poppet valves directly manipulated by 
^and. Where pressures are very high and the volume of water large, 
the /effort required to actuate such valves becomes excessive and some 
other ar];angemeiit becomes desirable. ^ Such an arrangement-'' is shown 
ip Pig. 876. Here A marks the pressure water inlet, 7) the connection 
to hydraulic cylinder, and E the exhaust. 

The valves are operated by handle" F, connected t»\ rock-shaft 
Throwing F in one direction opens the inlet valve at A ; throwing it in 
the other allows the water to escape from D through outlet at E. 

' Messre, Fielding k Platt, Ltd., Gloucester, by wlio.se eourtesy tlu: foregoing sketches ate 
available. 

• These hoists were illustrated jpd deacribed in a paper ’read before the Insfitutiott of 
Uechanical Engineers at their euihmer meeting held at Cardiff in 190C, and fix farther 
d^kils of working and fpr ^awlngs, &c., reference may be made'to thepiDceedla^ of (hfS 
Institution. * ' ' 

* k hlessrs. Dewhursts’ Engineering Co., Ltd., bheSield. 
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CRANiy*' Halves 

The valve stem 11 is raised by a cam surface cut in the ujper side of 
rock<Jiaft*0. The stem does not directly open thi main valve; the 
upper end of a stem passes through main vclve L in a clearance hole as 
shown, and'when raised, it strikes againsi 'the bottom of pilot valve 
K, v^ich,iit lifts against the pressure of the spring above and against 
the pressuraof the water in chamber B. Chamber B is fill^ with water 
leaking»f#5m inlef space ,4, past the easy fit of the piston portion of valve L. 
As soon as K is raised, the pressure in B drops to that in service 



much lay^cr tjjwi the area thr^ngh which the leakage escapes from A. 
\jnder these circumstances there is an unbalanced pressure on valve L 
from the water in A, which forces it from its seat on ring C, this 
unbalanced pressure being due to the fact ihat the piston portion of main 
valve L is much larger in diameter than the seat on which it rests 
in ring C. '• ' • ^ 

In closing, the reverse of this action takes place. Handle F beigg 
brought back fo its central position, valve stem and with it pilot valve 
K, are lowered until the fatter reaches its seat in valve L. Connection 
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between H^and D being thus closed, the leakage from A into B allows the 
pressure in the latter space to rise until it balances that in A, 'jvh^n the 

coil spring has sufficient 
pressure td force valve 
L down agaipiit its seat. 

This construction evi¬ 
dently has a fiumber of 
advantages. The use of 
the small pilot valve, 
the only member which 
has to be lifted against 
the full pressure of the 
water, makes the appa¬ 
ratus more easy to 
handle than would be 
tho case if the whole 
main valve L had to be 
raised from its seat 
against the full pres¬ 
sure. Also there are no 
sliding movements to 
be effected through 
. packings under heavy 
pressure, as the valve 
stem H is not under 
pressure until the valve 
is opened. 

There would appear, also, to be little danger of shock from sudden 
closing of the valves, since the lowering of main valve L to its seat on C 
is effecte'il by the'leakage from A to B, 'which can be made as gradual as 
seems advisable, being regulated by the fit of L in its cylindrii&l chamber 
in the main casting 0. 



Fig. 376.—Hydraulic Operating Valves'with Pilot Valves. 


Art. 202.—The Htdraulic Jack. 

For the manipulation of heavy weights by hand the hydraulic jack u 
of the greatest value. In principle it consists <3f a Bramah’s press on s 
small scales and one type its construction is illustrated in^Pig. 877 
riere the reciprocatiomof the hand levgrpuinprf Water Mmj the oistera 
A, through the hollow plunger B, past the suftion and delivery valvet 
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Air Screw 


Hind Lever 


Lowering 

^crew 


r„ and Vj), into the space C below the lifting ram, and raises^the latter. 
.The yeight to be lifted is carried either on the ram tible T, or on a side 
shoe projecting from the ram 
casing. Sdbews are provided 
for supplying the cistern A 
with water *nd for allowing of 
the inlet^f air, while a lower- 
■ iiig screw permits of the escape 
of pressure water from the 
space below the lifting ram into 
the supply cistern when it is 
required to lower the load. 

The lifting ram is usually 
packed by means of a cu)) 
leather, and the pump plunger 
by means of a single leather 
ring. 

If m = ratio of travels of 
lever handle and of pump 
plunger, and if a and A are 
the areas of plunger and ram, 
the theoretical mechanical 

advantage of the jack = m - , 

o Kio. S77.— Hydraulic Jack. 

SO that, neglecting friction, the 

force P to be applied at the lever handle to support a weiglit W on the 
•ram table is given hy P= W ~ . Ihs- 



Thus if 


m =- 


•24 


diameter of ram 
diamejjer of plunger 

a I® 


19-2. 

= 5^ inches) 
= 1 inch j 


= 80-25. 


•r.1. rAii TK 50 X 19-2 X 80-25 
if P = 50 Ihs., ir = - — -= 

Actuafty the weight is less tljai; tl\is begauseljf friction losses. 

8iCtu&l 

The efficiency of the jack, or the ratio weight lifted by the 

ram, can only be determined experimentally, and varies largely with the 
condition ajid size of the apparq,tus, as well as \iuth the^ magnitude cShd 
position of the load. 
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Frietioh Josses ijre proportioiiately less as the size of the machine 
increases, and, owing to the fact that the friction is partly mechrmical. 
and independent of the load, the losses diminish proportionately as^the 
load increases. 

Eccentric loading largely increases the mechanical friction/'and may 
double the friction losses. , > ^ 

The efficiency of a jack in fairly good order may be taken aS varying 
from about 66 per cent, in the case of a small 3-ton jack, with eccentric 
loading to about 93 per cent, with a 100-ton jack and central loading, and 
is approximately constant for loads greater than one-fifth of the nominal 
capacity of the jack. 


Akt. 203.— The Hydraulic Press. 

Reference has already been made in Art. 8 to the Bramah’s press. Its 
modifications, as applied to such work as cotton baling, boiler-plate 
flanging, cartridge-case drawing, and heavy forging, are too numerous for 
detailed mention, and only one or two of such applications will be con¬ 
sidered in detail in the present treatise.’ Fig. 378“ illustrates a form of 
press used for flanging operations, &c., and capable of exerting a pressure of 
420 tons. In this machine two sniall rams are installed for lifting the 
head on the upstroke, while the pressure is applied by one central and 
two side rams, pressure w^r being supplied to those in succession as 
additional force is required. During the idle part of the down stroke, 
water from tile exhaust is allowed to fill the space vacated by the rams.. 
The arrangement of valves by which this is rendered possible is simple 
and worthy of notice, and is shown in detail in Pig. 379. The main 
pressYire and exhaust valves Vj, and Vg each carry a closely fitting piston 
of -greatei area than the valve itself, so that if the pressure above the 
piston and below the valve is equalised the effect of the pressure between 
the piston and valve is to lift the latter from its seat. A^small orifice is 
provided in each piston, so that under normal conditions the pressure 
above and bebw the piston is equal, and pressure keeps the valve on its 
seat. The auxiliary valves Vi and Fa are worked djrectly from l^e-, 
operating lever, and when open give free communication between the, 
under side of the corresponding main valve and. the upper side of its' 
piston. 

' 1 

I For farther applications of the press the reader is referred to Blaine’s " Hydrauliefc* 

^ By.coai'tesy o£ the makers, Messrs. Heory Berry k Co., Laeda. 

I '■ * 
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The opening of the auxiliary valve thus lends indirectly to |he opening 
of ;ilje .corresponding main valve. During the idll part of the down 
strpke both auxiliary valves are closed, » partial vacuum is produced 



ibove the exhaust valve, which opens, and water is drawn from the 
sxhaust into the cylinda*. When pressure is required, a quarter-turn of 
she operating lever raises the valve Fi and^thus the pressure valve, and 
idmits pressure water* through, the passage Pi to the cylinder. On the 
working stroke being completed, a half turn of the lever closes V, &i}dt 
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)pens Fs, thus opening the exharfst valve Vg and putting the cylinder into 
iommunioation with the exhaust, while a second lever and valve admit 



Flo. 379.—lictjiils of 2J-inch Operating Valve tor 420 Ions Press. 

■pressure water to the return cylinders. A smaller press for similar work 
is ilhistrated in Fig. 8S0. 

Art. 204.- The Hydraulic FoitaiNO Press. 

In the production of heavy forgings for large ingots of'il.ild steel, it is 
essential thai every part of the ingot should be equally worked if the 
resultant forging is to be homogeneous in structure. Whereja stfeam 
hammer is used, the energy of ilie blow is absorbed'in producing dis¬ 
tortion of the outer layers, while the interior m practically unaffected. 
This disadvptage is overcome by the use of the hydraulic forging preffl, 
wiCh its slow and powerful compression, and this is gradually siyiplantinj 
.the steam hammer for the production' of very heavy forgings. Thi 
: punCiple of the press^is the same as that of the'brdinary flanging 
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Fig. 380.*-iry(lraulic Flaii.einj!; Press. 

md for a very complete account of its deveki'fiment and for dptails of its 
lesign, the reader is reierred to a paper by R. H. Tweddell.^ 

' “rroceodings InItitHte of Civil En^neers,” vol. 117,1893-4, p. 1. 
















7^ HYDRAULICS AND VTS APPLICATIONS 

The All^n press works on a vfery ingenious principle and is illustrated 
diagrammatically i^i Fig. 381. Here a pressure accumulator is .uimeceS' 
sary, as are valves in the high-pressure water column. For its operation 
a low-pressure water supp'iy, at about 200—300 lbs. per square inch, is 
necessary, and during the idle part of the stroke this follows up.the ram, 
the high-pressure connecting pipe being kept full in the ^meantime. 



Fia. 381.—Alien’s lljdra'.ilic Forging I’less. 


When pressure is required this supjdy is cut off and communication is 
made with the high-pressure pump P. ' This 1ki.s no va<li{?s, sp that the^ 
ram has a continuous up-and-down motion, the water column simply 
following thi motion of the pump plunger. The inertia of this cokimn 
thus has a useful effect in incKasing the pressure on the vam at the'Bnd' 
of the workinff stroke. A steam cylinder C is usually provided for lifting 
the ram. 

A type of forging press to be worked in connection with an accumulatojt 
and intensifier is Illustrated in Fig. 882. This press is fitted (i 
differential ram having diameters of 21 inches aid 36 inches ahd sqi^ied; 
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with pressure water at 600 atmosphei'es. By us^g each cylinder 
separatelyf or the two in combination, three powers having the ratio 1 : 
2 : & may be obtained, the effective force vr rying from 1,800 tons with 
the small ram to 4,040 tons with the two in*combination. Two lifting 
cylinders,i»aiog water at 50 atmospheres pressure, exert a constant upward 



Fia.*382.--C}'IjiuU*rs of 3-power Hydraulic Forging Press for a maximum 
effo' of 4,000 tons. 


force of 7u tons, which has been taken into account in obtaining the 
above valtfts. 

As, during the working portion of the stroke of a hydraulic press or 
similar machine, the r"fi, velocity is re^uircjj to bo only very slow, the 
diameters of the supply pipes may be very small without appreciable lojp 
of head. Aj^tio of ram diameter to pipe diameter of about 12 to 1 is 
usually adopted. 
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Abt.,204a.—Steam-Hydbaulic Fokoing Pebss. 

« «■ 

By combining a steam aecumnlator or intensiOer with the hyd^ulio 
cylinders of a forging press and arranging steam actuated drawback 
cylinders to the main ram, a type of forging press is obtained,which has , 
been largely adopted of recent years on account of its flexibility, simplicity, 
and speed of working. Such a machine is illustrated ^n Pig^CSS, which 
shows a press designed for a full working power of 1,200 tons, and a 
maximum stroke of 48 inches. At full power the stroke is about 6 inches, 
and the machine is capable of making from 70 to 80 short strokes per 
minute. * 

The press as shown is in direct communication with the steam 
intensifier S and a water reservoir R shown behind the steam intensifier. 
The main cylinder C of the press is supplied with water during the idle 
portion of the stroke from the reservoir through a large filling valve V 
bolted directly on the top of the cylinder. The water is returned to the 
reservoir after the pressing operation through the exhaust valve P secured 
to the top c;^linder of the steam intensifier and connected directly to the 
reservoir. i 

The movements of the press are controlled by means of a main hand 
lever carried on a bracket on the steam intensifier, the movement of the 
press head corresponding with the movement of the main hand lever. 
The downward- movement of the hand lever first of all exhausts the steam 
from the under side af th^drawback pistons contained in the drawback 
cylindep DD secured to the tops of the columns of the press-, thus allow¬ 
ing the prfess head to fall until the top die reaches the work. During 
this portion of the stroke of the main ram, the cylinder is filled with 
water from the reservoir through the filling valve. A further downward 
mdvement of the main hand lever raises the main steam admission valve 
of. the steam intensifier which forces- high-pressure water from the top 
■cylinder of the intensifier into the main cylinder of the. press thus 
exerting full power on the work. The upward movement of the main 
hand lever first opens the main exhaust valve of the steam*iiltensifief, 
allowing thg intensifier piston to descend by gravity, and “’thus releasing 
the high pressire on the main ram. The continued upwar4movemen| 
of the main hand leW tKen'"opens the exhaust valve’ on the top pt the; 
steam intensifier and allows the water to return from the main cylinder 
to the reservoir, the upward movement of the press head being efeeW pf; 
ifae re-admission of steam to the drawback cylinders, thereby eompletii^ 
the cycle of operations of the press and steam intensifier. 

An auxiliary han^ lever close to the main h^nd lever onsrawa 



STEAM-HTDBAtJLlC FORGING PRESS Til 



Fio. 'SOO-ton Steam-H^dr^ulic Forging Press. 

•• . 

steam slide val^e which admits constant pressure steam to the drawbact 
cylinders on the press for working the press with sliort quick strokes for 
planishing. 


3 D ‘2 
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r 

A sraaD lever-wprked valve al the foot of the steam intensifier controls 
the movements of a hydraulic turning cylinder T secured to the-to^ table 
of the press. 

Allr. 205.— IIVDllUILIO lllVBTKRS. 

C 

The hydraulic riveter provides another good illustration of'fee. adapta¬ 
bility of the hydraulic machine to workshop processes. Here the problem 
is to get a fairly large pressure on the rivet during the first portionoof the 
ram stroke, so as to form the rivet head and to clinch the plates, and a final 
larger pressure ol the nature of an impact to cause the rivet to expand and 

fully fill its hole. The extent to which 
this is attained in the riveter will be 
evident from Fig. 884, wliich repre¬ 
sents a typical pressure diagram taken 
Ironi the cylinder of such a machine, 
supplied from an accumulator under a 
pressure of 1,100 lbs. per square inch. ^ 
Here A B represents the idle part of 
the stroke during which the ram is 
being brought up to its work, B C the 
setting up the rivet and the formation 
of the head, C 1> the clinching of the 
rivet and the closing of the plates, 

1‘rcaHure" J)i.u'ram from Cylinder of while the Sudden stoppage Of the 

Hydraulic^' Hivetcr. Aocumulalor , , , . . 

pressure 1,100 ibs. per stpune inch. ■ heavy accumulator ram is responsible 

for a further rise in pressure D E 
abpye the accumulator pressure, which is depended upon to fill up the rivet 
hole. ^ 

' One type of portable riveter is shown in Pig. 385.' Here the ram is 
situated at one end and the riveting is performed at the other end of a 
lever hinged at C. As thus arranged tke machine offerg some advantages 
over the more ordinary type of bear riveter shown in Fi^. SSB,' for woiki 
in restricted spaces. In the latter type the operation of riveting is 
directly performed Vy the^ hydraulic ram, the riveter j%ws being foiyued 
as a single steel casting. In Fig. 887“ a section of the cylinder and valves 
of a riveter of the hinged typq is shown. Here water is admitted to di 
j^scharged from the rani cylinder by the arrangement of valves shown. 

* By courtesy ol the makers. 

* By the courtesy of the makers, Sfessrs. Henry *derry Co., Ltd., Leeds; 
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Thus a quarter-turn of tlfe regulating Ic'^r raises the valve T’^and puts 
the cyjindft- into communication with the pressure su{)l)ly. On the com- 



FitJ, —rorlablc llivctcr. Ilmgoil Type. 



Fiu. 386.—Portable Bear Riveter. 

pletion of the working stroke a half-turn in t&e opposite direfttion clo^s 
the valve F^^ild opens ^alvo Fj„^utting the cylinder into communication, 
with the discharge passages. The main ram is drawn back on its idle stroke 
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Fl(l. SS7.—Section ot Cylinder and Valves of Hinged Type Eivetor. 


by means of a speoiardrairttack ram which is always exposed to supply 
pressure. The metliod of packing the rams and the general construction 

is sufficiently well indicated in the' 
figure. 

In these portable machines pres¬ 
sure water is supplied to the sus¬ 
pending hook by means of a 
walking pipe, and provision is made 
fftr working at a* ijvet a{ any in¬ 
clination, by meanp of a water¬ 
tight swivel joint at J (Fig. 985). 

Fig. 388 shohrs a /Jesigi? of fked-jaw portable riveter.whicfh has the' 
advantages of a central drawback ram and a main ram with Central' 
•guide. ^ i 

^Fig. 389’ illustrates a form of fixed riveter suitable for the' circum¬ 
ferential joints of large boiler shells. .Here Imth jaws of .the .bear 
fitted with rams, that to the right of the illugtration being adjQ^|d..fO 



■ f. 
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m 

« 

suit the length of rivet M be bandied. Uhe working cylinder, to the left, 
is fit^^ with a differential ram so as to allow a large# range of work to 



Fig. 38!).- Fixed Jlydiuulic Kivetcr. 


be handle! with economy. In this case the ^resst^e supply to each ram 
is regulated by a separate valve. 

•• , 

Art. 206. —Hydraulic LboK-GA%E Machinery. , 

In the m^otity of msdern doc^s the lock gates or caissons are aotua^ld 
by hydraulic machinery. In the new “Eoyal Edward” Dock at 
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ATonmouth, for example, each feaf of the entrance look gates is actuated 
by a direcf-acting Iiydraulic cylinder with piston and rod, the Blffok%being 
12 feet 9 inches. ' • 

The cylinder of each mftchine is placed in a pit at the sidfi of the^ lock 
The piston-rod is attached to a steel crosshead frame faced witUgun-metal 
and working between steel guides. The connecting-rod is of steel plate 
of box section, and is fitted with a gimhal attachnfent at'^agh end, 
so that a certain amount of vertical movement can take place in the gate 



• J*'I0. S'.f.l.—Hydraulic Gear for Operatin'; Hoelt Caisson. 


without interfering with the action of the machinery. Control is effeetei 
by v^fjves which are operated from quay level. 

The hauling machinery for operating each of the caissons installed ii 
cpnnection with the same dock is shown in Pig. 390,* and consists of tw 
cast-iron hydraulic cylinders placed side by side. The working pressur 
,is 750 lbs. per square inch. The multiplying ratio is 8 to and the ram 
give a travel of the hauling rope of 66 feet per minute. Oije ram is use 
for opening,‘and the other for closing the passage. The hauling ro^ 
are of steel wire' fixed to an adjustable fast end on each ej'lindr, oarrie 
along the centre line of the caisson under the recess cover, and attache 
to a bracket projecting from the inner end of* the caisson. ’ Automati 
cutoff gear'is provided to prevent over-winding at either end of the trave 
’'Hydraulic Sluice-Gates and Penstocks—The ^uice gafea, 64 inehe 

* Figs. 800 and 391 are by courtesy of the Kditowof “ Engineering." 
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ife. 

diameter, in connection with these caisilOns are also operate(J by direct- 
acting h/draulic rams working under the same prelsure, the details of 



construction being shown in Fig. 891. The motion of the rams is 
regulated trom a valve eliest with slide valves of gujj-metal. 
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jArt. 207.— Hydraulic Capstans. 

Pig. 392, A, B, and c, shows a type of hydraulic capstan driven by a 
ihree-cylinder Brotherhood‘engine.‘ The supply and discharge pipes are 
,ed to the engine through trunnions T T, about which, on rel|asing'the 
jatch C, the Vhole machine, capstan and engine, may be rqtated, thus 
bringing theiengine upwards for inspection or repairs witlout brflftki^g any 



joints. jThe ivater supply is regulated by means of the tr^le K which 
operates* the admission valve. With a capstan head 1 foot 6 inches'in 
■ diameter the hauling speed of such a machine is about IbO feet per minule. 
. Where the capstan is intended for very heavy^work the engine may bt 
connected tp the capstan hedd by'speed-reducing gear wheels, and jig. 89f 
bWwb such a machine designed for two speeds averting a,pulko{ 7 tom 

I By courtesy of the Hydraulic Knginecrinit C*, Ltd., Oheslct 
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at 61 feet per minute and 14 tons at 26| feet per minute, (^e working 
pr^^ipr^ being 700 lbs. per square inch and the diameter of the capstan 
hea^ 3 feet. 



FlO. 392 b. 


Ajit. 208.— HYDPiULic Transmission Gear. 

Sever.'.f devices for transmitting tho torque developed at the crank shaft 
of the engine of a motor car to the driving wheels by hydraulic means 
have beeif patented recently. All shock due to chasiges of gear wheels is 
thus avoided, while the ratio of speeds of the driving and driven shafts 
may be regulated witlr "a much greater (^gree of flexibility than is i 
possible with a mechanical drive. One such Jevice, due to Dr.*Hele Sh%w, 
is illustrated In Fig. 894. In this a ring R mSunted on ball bearings 
and fixed as regards rj^tation, carries the crank pins of four piston^ 
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% 

working in cylinders A. The ring is eccentric with respect tf» the centre 
line "'of'the gear, its eccentricity being capable of regulation as desired. 
ThS cylinders A form a single casting i^to the jaw clutch K which 
is coupled directly to the engine shaft. The supply of fluid to or from 
the cylinders is regulated by means of a circular rotary yalve K With 
supply an^discl^rge ports. The eccentricity of the ring II determines 
the stPofe of the pistons in these cylinders and thus the volume of fluid 
displaced by them per revolution of the engine. 

A'second set of four cylinders B, of the same size as A, are keyed to 
the jaw clutch N which is coupled direct to the driving wheels. The 



KiG. 394.—ITydraulic Transmission Gear. 


connecting rods of these pistorsare coupled to a single.crank pin II with 
fixed throw and thus have a constant stroke, while the crank shaft H.is 
keyed to one half of the cone clutch M but is otherwise free to rotate 
•relatively to (fcS frame of the motor. The compound clutch M consists 
of three parte, one of which is fixed to the frame, one to the shaft II, and 
one to tlm cylinders A, and by suitable manipulation th^ shaft H may be 
either clutche'd to the frame or to thd* c/linde? A. Assuming these 
cylinders to be rotating continuously in one direction with the engine, the 
action of the apparatus is as follows.'- 
(1.) Cylind/Brs A aii4 Crank Shaft H both declutched.—Liquid pumped by 
pistons A is circulated freely through the system abng the pipe 8 and 
through cylinders B, ctfUsing 8baf,t H to rotate idl^ in its bearings, witi 
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a speed wh^ch is equal to or less'than that of the engine according as the 
eccentricity of the ring R is equal to or less than the throw ol the 
crank II. 

(2.) Shaft H Clutched to Frame.—This shaft being fixed, the cylinders B 
are now constrained to rotate, the speed depending on the eccettricity of 
ring R, and the direction of flow, and therefore that qf rottft/on, being 
regulated by the position of the rotary valve V. * 

(8.) Shaft H clutched to Cylinders A.—If now the eccentricity of H be 
reduced to zero, no circulation of fluid takes place, and the cylinders A 
and B are in effect directly coupled together through the medium of an 
incompressible column of liquid and rotate at the same speed. As the 
eccentricity of R is increased, the valve F remaining in the reverse 
position, circulation takes j)lace and cylinders B are driven backwards 
relative to A to an extent which depends on the eccentricity. When 
this eccentricity is the same as the throw of H the backward speed of B 
is equal to the forward speed of A , and the actual speed of B relative to 
the frame is zero, while by suitably regulating the eccentricity between 
these two limi's any speed lower than that of the engine may be given^to 
B and hence to the driving wheels. 

By the use of such a device the full power of the engine is available 
for work on the driving wheels at all speeds of transmission, except in so 
far as this is reduced by hydraulic friction losses produced by the circu¬ 
lation of the working fluid.^On the direct drive this is of course zero, 
and it is' only at lower speeds that it becomes important. At low 
'‘speeds it is not likely that the efficiency of transmission will be high, 
while the difficulties consequent on any leakage of the working fluid are 
'Obvious. The chief advantage of the system lies in its extreme flexibility 
and ir the absence of shock on changing speeds. 


Alii. 209.— The Hyduaulic Beake. 

The necessity for some braking apparatus by which the’'kinetic'-energy 
of a heavy bo^dy—such as a moving train or of a gun dming recoil— 
might be quickly and safely absorbed without the recoil effect obtaitted 
' by the use of spring bu1ilers,ied to the invention of the hydraulic brake'. 

■ In its simplest form this consists of a cylinder fitted with piston and" 
.rod'and filled with some liquid, usbally oil, water') or glycerine. The two' 
eftis of the cylinder are connected, either by one or more small'^passages'^ 
lormed by holes in the body of the piston itself, or by a bye-pass pipe fitted' 
cwitb a spring-loaded valve or with a throttling valve by which the^'^^ 
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may be adjusted. In its simplest form tfle brake is extensively used as a 
dariipot-for damping the vibrations of governing mechanism and the like. 

When used as a buffer stop, the body v' lose kinetic energy is to be 
absqrbed forces in the piston rod and produces a flow of liquid at high 
velocity tlfrough the connecting orifices. The energy of thq body is thus 
partly trai^aformed into kinetic energy of the liquid, which is dissipated' 
in eddy formation, and partly expended in overcoming the frictional 
resistances of the connecting passages, together with the mechanical 
frictibn of the brake. The whole of the energy is thus ultimately 
transformed into heat. Since the energy absorbed by the brake is 
oon§tant for ai given mass moving with a given velocity, and is equal to 
the mean resistance of the brake multiplied by the length of its stroke, it 
is evident that the pressure in the brake cylinder will have its least 
maximum value when this pressure, and therefore the resistance, is 
uniform throughout the stroke, and when in consequence the pressure- 
displacement diagram forms a rectangle. The brake is therefore prefer¬ 
ably designed so as to give as nearly as possible uniform resistiftice, and 
since the resistance varies as the square of the velocity^jof the liquid 
through the connecting orifices (very nearly), while the velocity of the 
moving body, and therefore of the piston, varies from a maximum at the 
instant of impact to zero at the end of the stroke, it is necessary 
either to make the connecting passages of diminishing a^ea towards the 
end of the stroke so that the velocity of efflux may remain constant, or to 
discharge from one side of the piston to the oiher through a spring- 
loaded valve set to open at the required pressure. • • 

Where passages of constant area are used it is evident that the resist- 
junce falls off very rapidly as the velocity diminishes and, e.g., has only 
one-quarter of its initial value when the velocity is reduced to on«»half. 
In fact, if the resistance were .solely measured by the production «f 
kinetic energy in the contained fluid, the body would never be brought 
absolutely* to rest. Actually, however, the additional resistance in the 
^hape Qf,solii friction at the tup leathers, &c., together with that of 
returning spsings or balance weights, prevent this state of^ affairs being 
realised in practice. 

The aria of the connecting passage may bo varijd by forming it as a 
circular orifice through the piston, and allowing this to work over a taper 
circular spindle fixed longitudinally in the cylinder, the available passage, 
area varying with tlje diameter of the spindle. A somewhat simiar 
device is appfied to a type of bAffer stop adoptdB by Mr, Langley, two 
rectangular longitudinaVslots cut in the piston body working over tvr<w 
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LONGITUDINAL SECTION OF TERMINAL PIT. 



I'lO. iWo.—llydranlic Buffer Stop. 

rectangular longitudinal strips which are fixed inside the cylinder, have 
the same width as the slots, and vary in depth from end to end. 

A buffer stop on these lii^s’ k illustrated in'Fig. 395. The cylinder, 
rf ^st iron,' is 10 inches diameter and 4 feet long, its thickness varying 
from li inches at the fiont to If inches at the feck end.' .The piston 
■ tffflioribed by Mr. P. W.-Shaw Q' Proc. Inst. C. BiJ" vol. 165, p. 290) 





EHE HTffeiiAllLIC BRAKE 


766 

m 

iuis a travel of 3 feet 6 inches, and* is a plain disc, 9|| inches 
diamajier^ tfith two waterways 3 inches wide by 1J iiiehes deep working 
over, two feathers running from end to erd of the cylinder. These 
feathers are' 3 inches wide, and are iffches thick at the back 
tapering inch at the front end, the area of the waterways varying 
from 6 squBse inches at the back to zero at the front end of fhe cylinder.^ 
The clearance between cylinder and piston is equivalent to a further 
constant area of '25 square inch. The covers are provided with two 
screwed glands, the inside gland of cast iron holding the hat leathers in 
position, while the outer glands of brass, which are mw ;'y intended as a 
stand-by, are packed slackly with hemp. A rubber pad inches thick is 
inserted at the back end of the cylinder as a final cushion. 

To bring the buffer forward after being pushed in a series of three 
counter weights are attached to the tail rod of the piston through chains 
working over pulleys at the front end. Those weights must be put in 
motion gradually to prevent breakage of the chains by shock, and to this 
end the centre weight is divided into a main weight and a jockey,weight, 
the latter being suspended from a 6-inch pulley working in guides and 
riding on the centre chain. The jockey weight is then supprted on the , 
slack of the chain when the buffer is in the forward position, and when 
the buffer is driven in is lifted before the main weight, thus taking up 
the first shock on the chain. For the same reason the side weights are 
mounted on spring hangers. , 

The cylinder is automatically fed with water by ’gravitation through a 
small pipe fitted with a non-return valve, while a smajl valve, vttached to 
the top of the cylinder is provided for the escape of any air which may 
accumulate, and for convenience in filling. 

A similar brake, described by Mr. Langley, has a 3|-inch pisto^rod 
and a piston 12-inch diameter tiud 4-feet stroke. ^ , 

The total area of the connecting’passages varies from 7',18 square inches 
at the front to -38 square inch at the back end. After being driven 
home the pist^ivis returned by means of counterweights. With this 
^rake a vnax&um pressure of 800 lbs. per square inch was obtained 
when stopping a train weighing about 200 tons, and moving at 8 miles 
per hour.** • • . » * 

In a somewhat similar brake at Strasbourg “ the piston iiameter is 16 

inches, and its travel 8-‘l*ieet. A train 200 tons moving at 8 miles per 

•• 

> “Proc. Inst Jtech. Eng.,” 1886, p. f05, 
s “ pjgoc. lost C. E.,” voL 119, p. 449. 
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Where communication between the two ends of the cylinder is 
through a spring-rtiaded valve, in order that the pressure shouH ^ 
approximately constant throughout the stroke it is necessary that'the 
lift of the valve should lie small, its weight small, and the resistance 
offered by tl;e spring as constant as possible over the rangd of lift d 

the valve. * t. * a j. -i • 

As a liquid for use in recoil cylinders. Castor oil Sr Eangdotf oil it 

good and keeps the leathers in good condition. A mixture of four parts o; 
glycerine to one of water is also good, as is a mixture of methylated spinti 



Kio. ,S97.—llccoil Cylinder for Cnnet Gun. 


06 per cent, water 31 per cent., mineral oil 3 per cent., with 25 grains of 

carbonate" of soda per g^Hon^' , i u ■ 

Theory- of the Hydraulic Brake.— Suppose the piston rod to be in 

compression,* ' . • i • 

Let A = effective area of piston in square feet, i.e., area of piston minus 
that of rod and of connecting orifices, if these are throughi 
the piston. 

a • = effective area of connecting orifices. 

Ij = length of piston travel in feet. 

I = length of connecting passages. 

II = ‘resistance of brake in lbs. 

p = excess pressure behind piston in lbs. per square foot. 

rr=:'^wqightof moving; body in lbs. ^ 

V = velocity’of movin'g body, and of piston if br&ke is in opera*, 
tion. 


V = velocity of fluid thAiugh orifices. 



2g‘ 
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'«}iile if F = resistance in lbs. due to mechanical friction and to effect of 
soai^crwSigbts, &e., 


lt=l}A + F = 


62-4 r 


<r#i 


( 2 ) 


Brake with Uniform Besiatance.—With uniform resistance the retardation 

• Fi^ - 

of the moving body is uniform, and will be given by x y- feet per 

second per second, where Vi ie the velocity at impact, so that the velocity 
at aijy point distant x feet from the beginning of the stroke is given by 


V- 


L 


= I? • 


By equating the work done on the brake to the loss of K. E. by the 
moving body we get 

2,'/ 


IV 
2BL 


(3) 


and 


J'f = - 




W 


Inserting this value in (2) above, we get 

p ^ <p .1 + r) (i - [) (i +-g + f, 

which finally reduces to 


(‘+■3 


'i- 

w 


} l) 


(4) 

giving the passage area for any va'ue of x, when the form of the ortfice is 
known. _ • • • . 

If it be,a8sumed that mechanical friction is equivalent to 6 per ceftt., 

j)l the ^roe qptoe piston, and if the term ^1 be taken as unity 

• ( 6 ) 


if fluid friction be neglected), this simplifies to 
_ 65-7 L 4_» / _ a:\ 

•U • 


W 


., Exampm. 

Buffer stop—piston, 12J inches diameteP,* provided with, two slots of 
total area,4‘75 equate inche^—3J-inch rod—length of stroke 4 leet. 
Weight of train = lOO^tons. 
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= ,-,7 = "728 square foot; W = 224,000 lbs. 

14^ 

Equation ( 6 ) now becomes 

2 _ 63-7 X 4 X -386 /. _ x\ 

“ “ 22i,000 ■ \ 4/ 

= -000458 (l - 

a = -02127 \/ square feet. 

' , = 8-06 ^ 4 ) inches. 

Thus when x = 0, i.e., at the beginning of the stroke, a = 3-06 square 
inches. This gives the effective area of the orifice, and, when the entrant 
edges are well rounded so as to prevent the formation of a veva contracta, 
this will be the true area. With sharp-edged orifices, however, the orifice 


area will need to l)e greater than this in the ratio , .— ,. - - 

f ” coefficient of contraction, 

and this will chipend upon the form and situation of the orifice. 1 

To avoid errors in the preliminary calculation it is advisable to form 

the orifices with rounded entrant edges. 

Assuming, in the example above, that = -65, we get the following 

values lor ai, whore ai = a -.— 




X feet . ... 

0 

1-0 

2*0 

3-0 

4-0 

oi square inches. 

4-71 

4-09 

3-84 

2-35 

0 


It'is wofthy of note that since both the hydraulic resistance and the 
Idfietic energy of the moving body vary as the velocity squared, their 
relative value,is independent of the velocjty, so that the piston travel is 
approximately independent of the initial velocity of the movihg body,* 
and depends (pily on its weight.*. 


,* In a buffer stop described by Mr. 1’. W. Shaw (“ Proc. Inst. C. B.,’’ 1905-fi, Part iii., vol. 16B, 
p. 290), the piston came to dead slow at ^bont 9 inches from the end of its strdke, when 
resisting a mass of 11 tons, for allWpceds of collision from 4 to 12 miles per hahr. The 
deters of the brake arc ^ follow:—Cylinder, 10 inches diampter, 3 fee^ 0 inches stroke 
piston, 9JJ inches diameter, w4th two rectangular Mots 3 inches wide x Ij inches dpep, 
working over strips 3 inches wide x IJ inches tapering to J inch. 
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9nle witb FuugeB of Constant Area.^In 
lBe(^anieal friction, 

■ , _ 62-4 ,fl\ 

^ 23 ! ?») o' 

* = k 4'’* where k = 

2 </ 


In this case we have, neglecting 


fj] AJ 
™ 1 /. a , 


Singe *ffis mewures the mass X acceleration o{ the moving body 


kyi--ELZ=-EyiJ. 

, 11 <l t (I d X 

the negative sign indicating that the motion is being re+arded. 

kv=-E<iy .• 

ff (lx 

ry^dv 

or -F=-/ V'** 


ff a. 

r^^fiv _ _ 

Jy 


The solution of this equation gives :— 


l0g„ (,,;i - X) = [X - Tl). 

Writing *1 = 0, so that Fi is the velocity at the instanflof impact, we 
have 


log 1’- 

t'l - W ’ 

In 

-W’- 

V = Vi e. 


giving the velocity corresponding to any positionof the piston. Since 


c never becomes equal to zero, no matter how large the value of x, 
the velocity cannot become zero until a change takes place in the law of 
resistance, either on account of the effect of solid friction, or because of 
the motion of the fluid becoming so slow that the rfsistan(jp becomes 
approximately prcfportional to the first power of the velocity. , 

On taMng mechanical friction into account we have, assuming this to 
be confitant,, * ' 

q dx dip 


dx ^ W * ^ W 
62-4 A* 


or ^ + b F» = 

d X • • 


(2-4 

“iF? I + w/. 


..--HI 

' ~ W 
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The solution of this equation is 
« c 

I’* = j + D « where D is a constant. 


Putting V = Vi when x = 0 we have = y + D, 



giving the velocity after a piston displacement x feet. 
This may be written 


J7,a __ 

* b 




1 1 


1 2-802, ' 


or x = j log, 1 


. logio' 

1 1 

1 F» - n 

‘ b i 


giving the position of the piston when the velocity has been reduced from 
Vi to V feet pfr second. ‘ 

Fig. 898 indicates the variation of pressure intensity inside the cylinder 
with piston displacement in the cases (o) where the resistance is uniform; 
(6) where a compression' buffer without tail rod, having passages of 
uniform area and with air compression is used ; and (e) with a tension 
buffer with passages of pnifofti area. 

With constant pressure and resistance, the maximum pressure attained 
is about one-fnird that in the casd of the tension buffer with passages of 
uniform area. 


Art. 210.—The Hyoraulic Dynamometer 

is^certainly the most perfect of all mechanical devices for measuring and 
ahwrbing the energy developed by a prime mover at a rotating'shaft. 

In,its mqdem form it owes its conception—in all but otiq,eBsenj;ial—to 
the late Mr. William Froude; but the addition of the one Retail which 
made the br&ke a practical success was due to Professor Osborne 
Reynolds. 

' The Reynolds—or Mather-Reynolds—Dynamometer shown in Fig. 8^ 
insists of*4 double disc D,^ fixed to the power shaft by set screws or 
keys and cartying on its ouJer faces a series of narrow pockets. » 's 

; Aese latter are semicfrcnlar in section^ their plane is in'clin^- atjK^ 
ip 4ie axis of the shaft, and they face forwards in the direction of 
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A flaeing C, carrying a double series of-^ookets similar to those on the 
;s"&o^n.t!ie same planes but facing in the opposite idirection, surrounds 
';QjeK|i 80 and carries a graduated lever L from which are suspended the 
"weights comprising the brake load. 

.The stuift passes through bushed openings in the casing which it fits 
closely so ae to prevent undue leakage. 

In tfeiB^case of %n 18-inch brake wheel the wheel itself carries twenty- 
four pockets on each face, while the casing carries twenty-five similar 
pockets. These are 4J inches in radial depth and have an axial width of 
inch, the dividing vanes 
or j)artitions, being J inch 
thick. 

Provision is made for 
supplying the pockets with 
water, and for allowing this 
to escape after having work 
done on it in the dynamo¬ 
meter, while a small air S 

♦ i 

vent is provided in the j 
thickness of each vane to » 
admit air from an annular 
chamber K in the casing 
to the centre of the circle 
formed when two of the 
pockets on disc and casing 
directly face each other. 

, It is to this detail that the 
brake owes its successful action. As originally designed by Mr. Fronde 
these air vents were absent. - ^ 

The action of the dynamometer is as follows:—Water admitted to- 
the casing through the flexible rubber tube at T finds its way through a 
series of four^lisles in the boss»?l into the chamber E between the discs, 
and thence .^Jjrough a series of small holes F F, formed in the thickness 
of the wheel vanes, into the pockets. • 

•To prelent the water being project«d int(j the ^ir hdles the radius of 
the inlet hole circle is made rather greater than that oi the air vent 
circle. ^ ^ 

Considering one of the pockets, its confained water isHhrown out¬ 
wards by .cdutrifugaf action, and, guided by the circular boundary of 
the pocket, is projected forwards into a stationary pocket* ii^ the ca8in|[. 



I. 398.—Pressure Disgrems IroSi Cylinders of 
Hydraulic Brak^. 
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i 

Guided oacK by this pocket ft enters a second moving pocket wi^. 
increased velocity,*is thrown outwards and projected forwi&rds ewith 
still greater velocity into a second stationary pocket, and so on. Tbeo* 
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disc and to the casing, and since the frirtion moment of the side glands 
also *eapl!s equally on the casing and on the shaft» there is, so long 
as the shaft is rotating uniformly, an exact hr lance between'the driving 
moment on the shaft and the resisting moiftent on the casing. The 
latter is.jftovided and mea8ure,d by the resisting moment of the brake 
load. • 

A sliglft side cBarance between the outer circttuiferoncc of the wheel 
and of the easing at (? Cr permits of the escape of water into the concentric 
chamber H, which is always full when the brake is working. It escapes 
from this chamber through the automatically regulateu .’.live Fa. 

Since the .change of momentum varies directly»tfb the quantity of 
water in motion, and directly as its velocity, the brake resistance may be 
varied by varying either the inflow or outflow, a system of levers being 
arranged as Indicated so as to do this if the brake lever rises or falls, and 
thus to prevent over or under loading. An oil dashpot at P serves to 
prevent hunting. 

The object of the air vents may now be noted. The water ig motion 
in each pair of pockiits forms a vortex, and in consequence is at a greater 
pressure at the outside than at the centre of the pocket. YThe pressure 
at the centre may, in fact, in a closed pocket, become less than atmo¬ 
spheric, while in any case there is a tendency for air to accumulate at 
the points of least pressure, so that in the original type the dynamometer 
gradually emptied itself of water and became air charged. Further, since 
with a given speed of rotation the pressure from the inside to the outside 
of the vortices increases at a fixed rate, any chajige in,iLo internal 
pressure is accompanied by a corresponding change in the pressure on 
,the pockets of the wheel and casing, and hence affects the resistance. 

By the provision of air vents, however, a constant pressure, equal to 
that of the atmosphere, is main'.xined at the centre of the-vortices under 
all normal conditions of working; the brake need not, as in its original 
form, be fhll of water for satisfactory working; and for a given speed and 
jvater sqjTply Jh# resistance rem .las uniform. 

This tj pe of dynamometer has many advantages in view of its safety, 
its accuracy, ease of adjustment, and moderate dimensions. * 

The reisting moment varies as A u^nr, ^hq^e A ,is the’combined cross- 
sectional area of the streams suffering change of directien, v is their 
mean velocity which is i^roportional tptthe jjngular velocity ^the Brake ^ 
and to its radius, and r is the radius of tfie centre line of the brake 
pockets. 

It follows that in tw^ similar dynamometers rotating Vith the same. 
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angalar velocity, and haring Corresponding linear dimensions 
ratio«: it if both brakes are running full we shall have:— 

= s” j4i ; rj = « n; ra = 8 n j 

*Aa fa*' ra = (Ai ri** n), ,, ... 

so that the resisting moment, and, therefore the horse-powei* absorbildjj 
varies as the fifth power of the linear dimensions. 

Experiments show <hat such a brake as illustrafed will*ahborb A® 
maximum of 29’6 H.P. at 100 revolutions, the disc diameter bm^J 
18 inches. . * "‘| 

It follows that a brake having a disc 24 inches in diameter will absorb 
1,100 H.P. at SOCT fevolutions, while by mounting two or more disc? 0 H;, 
one shaft the power which may be absorbed is practically unlimited. 

The resistance with a given quantity of water varies approximately as 
the square of the brake speed, so that the brake is specially well adapted 
for high-speed work. Also, since the resisting moment at the instant of 
starting is zero and gradually increases with the speed, the brake is well 
adapted lor the testing of internal-combustion engines or steam turbines 
of the pressure type, while once having been adjusted it requires po 
further attention no matter how the speed or power of the prime mover 
may vary within wide limits. The only drawback is the somewhat large 
first cost of the apparatus. 

A dynamometer to absorb 6,000 H.P. at 800 r.p.m., built on almost 
exactly the same lines as th^arsons steam turbine, with circulation of 
water through the various rings of fixed and moving vanes is illustrated 
and described in Engineering News, December 30,1909, p. 726. 

For such high speeds as are common in steam turbines of the impulse 
'type, and for small powers, a simpler type of hydraulic dynamometer, 
givested results. This consists simply of a series of parallel discs keyed 
to Jihe pqwer aly,ft, and rotating with small side clearance between a 
sjpiilar series of stationary discs fixed to the outer 'casing. As in thq 
previous type of brake, with an uniform speed of rotation the* resistance 
varies with the quantity of water in use,*and may theretorc be^gulated 
by the opening or closing of the inlet or outlet Valve. .With a constant 
quantity of w^ter in the brake the resistance depends on the wetted area, 
,and varies approximidiely as Ihe 1 . 8 th power of the sflgulsf velocity, ' 
Resuming it to vary as the square of the velocity, the work done on ea^ 


'& 0 e of each disc is given 


. rik 

by irrf j r* 

• Jr, • 


dr, where / is a coefficientut 


iea^noe, probably having a value of about '004(1 with roughencd'iil^ 



Ei^jiiSLEs m 


tMaoes; <c = angular velocity in radisais per eecond; and Ri and R% 
■Ktiieftte'jO^ter and inner radii of the submerged portion of th’e rotatmg 
diaaihfeet. 

On integrating this gives - {Ri^ — Ri^) fool lbs. 

" With n dfeos the work done against the resistance per second (neglect¬ 
ing th« effect of tSe edges of the discs) is then given by 

2 n X ■ (Jfi« - foot lbs. 

5 


4 n V f u" 


(Ri‘-R,^)E.7. , 
■» " 


Example. 


Brake provided with three rotating discs enclosed on Imth faces. Outer 
fliameter 9 inches, submerged to an inner diameter of 6 inches. Assum¬ 
ing / = '004, determine the B.H.P. absorbed at 10,000 revolutions per 
^ minute. 


Here 


ta = 


2 IT X 10,000 
60 


Ri^ = (-OTO)' = -007413 
7f/ = (-25)5 = -OOGOTG 

pup _ 12 X » X -004 X 8 ^ X ‘lO* X .-006437 
5 X 816 X 550 

= 405. 


Examples. 

(1) A direct acting hydraulic lift has a travel of 40 feet.<^ Th^ cage and 
ram weigh four tons, and are counterbalanced to the extent of three toqs, 
by hanging weights. The lift is to take a toad of three tons, with a 
^naxhniim ac^plwation of 2 feet‘i<ar second per second. The diameter of 
ram is decide^ on as being 5 inches. Determine the working pressure in 
the cylinder, assuming ram friction to account for 6 per eeni^f this. If the 
pressure *upply is 750 lbs. per square .infh, Jhis Ijping Aduced by means 
of a reversed intensifier of the ordinary type and having a stroke of 4 feet, 
determine the necessaiy* size of this .cj'lin^er and of its raSit assuming 
friction to cause a loss of 5 per cent. Also determine the relative gaiji in 
efSciency of this sysfem as compared with supplying the lift cylinder 
directly with pressure yater throttled down to the requireS pressure. 
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N.B.—The total weight to be^ccelerated in this case = 4 + 3- + 3 ' 

10 tons. * ♦ * ' 

I" Working pressure 554 lbs. per square inch, 
j Diameter of reducer cylinder = 15'8 inches. 

Answer. . pjameter of reducer ram = 18'95 inchfe 


I Gain in efficiency = 35'4 per cent. 

(2) A direct acting hydraulic lift has a travel of 40 feet. The cage and : 
ram weigh four tons, and the lift takes a weight of three tons, with an < 
acceleration of 2 f.s.s. Assuming a ram diameter of 5 inches, and a 
hydraulic balance/^linder of the typo shown in Fig. 361 to be fitted, , 
this being designed so as to balance three-quarters of the weight oi the-,; 
cage and ram when the latter is at the upper limit of its travel, determine : 
the leading dimensions of this balance cylinder, given that,the stroke of . 
its ram is 6 feet; that the ram B weighs one ton; and that the annular , 
space I) is supplied from a tank whose level is such as to produce a 
pressure of 80 lbs. per square inch on the annulus E when this ram is at 
the bott^m of its stroke. The supply pressure at A is 1,100 lbs. per 
square inch, f 

I Outer diameter of ram B = 12'95 inches. 

Answer. ] Outer diameter of stationary inlet ram = 9'0 inches. 

( Outer diameter of annulus E — 44 inches. 

(3) If in the lift of the preceding example the type of balance cylinder 
of Pig; 8fi2 is used, determine the necessary diameters ot A, B, and C, 
and the necqpsary i^eight of ram B. Take into account the acceleration 
ofH. 

f Outer diameter of ram C = 12'95 inches. 

Afiimr. | Outer diameter of ram A = 9'0 inches. 

, V l^eight olB = 20'2 tons. 

•(4) If in example (1) the cage and ram form part of a suspended lift,, 
counterbalanced to the same extent as in that question, and operated 
through a jigger giving a multiplying* ratio of 6:1* determine th* 
necessary diameter of the cylinder of the jigger if the working pressure = 
760 lbs. per square inch; the efficiency of the multiplying mechanism 1? ,; 
76 per cent.; and frictionaHosto’account for 10 per cent.hf thi pressure, 
on the rai^ * . 

Answer? 1^8 inches diameter. 


(SjA direct acting emne of the type shown in Fig. 870 fe ,to l^t ^ 
ims-with a ifiaximum acceleration of 4 f.s.s. The supply pressaiia 
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(I 

609 lbs. per square inch. Assuming an efficiency of 76 per cent, 
(teterjpin® the necessary size of ram. i ' 

, , Answer. 3'5 inches diam 'ter. 

(6) A hydraulic jack has an efficiency of Htf per cent. The diameter 

of« the raicfi is 8 inches, of the plunger | inch. The leverage of the 
operating IgVer is 20 :1. Determine the pressure on the handle when 
lifting <}oi% tons. ® ’ 

Answer. 49‘2 lbs. 

(7) » A buffer stop is to be designed to stop a train weighing 150 tons 
when going at ten miles per hour, in 8 feet. Tlio cylinder diameter is 
16Jfinches, thp piston rod being 6-/g inches diameter; ' The thickness of 
the piston is 4 inches, but the entrant edges of the orifices are rounded 
so as to make their effective length equal to 2 inches. There are two 
rectangular ftrifices, each 3 inches wide by 2'10 inches deep. Determine 
their effective depth at points where the piston travel is respectively 
(^, 2, 4, 6 and 8 feet, in order that the resistance may be uniform through¬ 
out the stroke. Also determine the magnitude of this resistancemnd the 
pressure in the cylinder, assuming that counterbalance, weights and 
friction exert a constant resistance of one ton. 

Answer. Resistance 140, 300 lbs. = (ii 05 tons. 

Pressure in cylinder = 781 lbs. per square inch. 


Stroke . 

0 

1 

2 ft. 

4 ft. 

Gft.’ 

8 ft. 

Effective depth 

1'30 in.i. 

1‘13 ins. 

•92 iiiS. 

•65 ins. 

0 


* (8) If the buffer stop of the preceding example has the same effective 
piston area with two rectangular connecting orifices each inchea’wide 
which together haije a combine.! area of 6 square inched, this remaining 
uniform tlyroughout the stroke, determine the maximum pressure attained 
in the cylinder and the length o( stroke which would be necessary for the 
idston tO'i'.om^to rest without touching the end of the cylinder. 

Answer. Maximum pressure = 1,320 lbs. per squarwinch. 

« , Stroke =,2M5 feet. • 

(9) If the area of the passages in Example 8 were 3 sguare inches, 
determine the maximum [n'essure attainqfi, and the length of before 
coming to rest. * , 

Jffiswer. I’ressure *= 5,275 lbs. per Square inch. 

Stroke' = 7‘53 feet. 
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USEFUL DATA FOE HYDRAULIC CALCULATIONS. 

Multiplier for converting logarithms 

j ComnJbn to hyperbolic (to base c) 2‘30258. 

1 , Hyperbolic to common •43429. 

One radian = 57'296°. 

<7 = 82'1908 at Greenwich. 

One knot = 6,080 feet per hour. 

One metre = 39’37 inches = 3‘28 feet. 

Standard atmosphere = 29‘95 indies = 760 millimetres of mercury 
= 83‘9 feet of water. 

= 14'7 lbs. per square inch. 

Inches of mercury X '4907 = lbs. per square iOch. 

Feet of water X '4331 = lbs. per square inclb 
A pressure of 1 lb. per square inch is equivalent to a column of water 
'309 feet high = 27'7 inches high. 

One imperial gallon = '1605 cubic feet. 

= 277*27 oubic inches. 

= 10 lbs. 

Une U.S. gaiiqji = 231 cubic inches. 

** * = '83254 imperial gallons. 

One cubic foot of fresh water = 62'4 lbs. 

One cubic metre of fresh water = 35'e2A!ulio feqt = 2*200 lbs. 

One litre of fresh water = 2'2 lbs. 

One ton of fresh water * = 35'9 cubis feet. 

One cubic foot of se^water = 64‘0 lbs. 

. • 
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Tuble a. 

Pressure of JVater, 


The pressure of water iu pounds per square inch for every foot in 
, height to 270 leet. 
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Table B. 


Areas of Circles. 
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Table C. 


Theoretical Velocities of 'Water, v = ii/ 2 g h,in Feet per Second, due to; 
Ifeads from One-tenth to One Hundred Feet ■ 
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111 feet 
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42-81 

62*6 

68-06 

76-6 


•2 

3'r>87 

'5' 

17*93 

29* 

43-19 

63* 

68-38 

77- 


•s 

4:f93 

5-5 

18 80 

29-5 

43-56 

63-5 

68-65 

77-6 

73-60 

*4 

5072 

6- 

19-61 

30* 

43-92 

64- 

68-93 

78- 


•5 

5-071 

O-B 

20 44 

30-5 

44*29 

54*5 

Kill 

78-6 

71-06 

•6 

(;-2J2 

7- 

21-21 

31* 

41-66 

66* 

Ein 

79- 

71-28 

7 

6-710 

7*:. 

21-96 

31*6 

45-01 

66*5 


■'79-6 

71-61 

•8 

7*137 

8- 

22-68 

32* 

46*36 

56- 

60*01 

80- 

71-78 


7-(i(l9 

8 5 

23-38 

32*5 

4r)-72 

66-6 

60-28 

80-5 

71-96 

1-0 

8020 

9* 

21-06 

33* 

46*07 

67* 

60*65 

81- 

72-18 

1 

8-412 

9-5 

24-92 

33-5 

46-42 

67*5 

msm 

81-5 


2 

ti3.78« 

10* 

25-36 

31- 

46-76 

68- 

BSEI 

82- 


■3 

9-144 

10-5 

25-98 

31-5 

47-10 

68*6 

61-31 

82-5 

72-84 

•4 

9-4!K)> 

11* 

26-60 

:15* 

47*44 

69* 

61*60 

K3* 

73-06 

•6 

9-82i, 

11-5 

27-19 

35 5 

47-78 

59*5 

61-81 

83-5 

73-28 

•6 

10-145 

12 - 

27 78 

36* 

48-12 

«0* 

62-12 

81- 

73-51 

•7 

10-467 

12-r) 

28-35 

36-r> 

48-45 

60*5 

62 38 

84-5 


‘8 

BiiariiiH 

13- 

28-91 

37- 

48-78 

ai* 

62-64 

85* 


*9 


13-6 

29-46 

37*6 

49-11 

61*6 

62-84 

85*5 

B E9 

2-0 

11-342 

14* 

30-00 

,.88- 

49*44 

02* 

63-15 

86* 

74-37 

•1 

11-622 

' 14-6 

30-54 

P38-5 

49-76 

■i' kB 

Bzn 

86*5 

74-69 

•2 

1V896 

15* 

31-06 

39* 

50-08 

HTIH 

63-65 

87* 

74-80 

•3 

12163 

15*6 

' 31*67 

39-6 

50-40 

It 1 hI 

63*90 

87-6 

76-02 

•4 

12-42B 

16* 

32*08 

40- - 

50-72 

irtiH 

64-16 

88- 

76-23 

•6 

12-6» 

16*3 

32*67 

40-5 

61-04 

It! I<l 

64-41 

88-6 

76-46 

;6 

12*932 

17- 

33-06 

41- 

51-35 

66* 

64-66 

89- 

76-66 

'•7 

13-179 

17-6 

33-65 

41-6 

51-66 

66*6 


89-5 

76-87 

•8 

13-420 

18- 

34-02 

42- 

51-97 

66- 

65-15 

90* 

76-08 

•9 

13-658 

18-5 

34-49 

42-6 

62-28 

66-5 

65-39 

90*5 

76-29 

■ 3j9o 

.1 13-891 

19- 

34-95 

43 - 

62-69 

67' 

65-64 

91* 

76-52 

•1 

li-12r . 

19*5 

35-41 

43-6 

B2-89 

67-6 

65-89 

91-6 

76-71 

•2 

14-347 

' 20* 

35-86 

44- 

53*20 

68- 

66-15 

92- 

76-92 

. -s 

14-569 

20-5 

36-31 

44-5 

53-65 

68-5 

^•38 

92-6 

77-96 

•4 

14-789 

21 - 

36*75 

45 - 

53-80 

69- 

66-62 

93< 

77-84 

•6 

15-004 

21*5 

37-18 

46*5 

54*09 

69*5 

66-86 

93-6 

77-66 

,•0 

16-217 

22 - 

37-61 

46- 

54'.19 

70- 

67-43 

91’. n 

,77-86, 

•7' 

16-427 

22-5 

38-04 

46-5. 

54-69 

70-5 

67-34 

94*6 

77-96 , 

•8 

15-634 

23- 

38*46 

47- 

54-98 

71- 

67-58 

96- 

78-17 

•9 

15-839* 

23-5 

38-87 

17-5 

66*27 

71-6 

67-81 

95*5 

78-97 

4-0 

■raniiM 

, 24- 

39-29 

, 48- 

5.>*56 

72- 

68-05 

96,; 

78-68 

•1 

16-210 

24-5 

39-6') 

t 485 

55*86 

72-0 

68-28’ 

9^ 

78-^8 ■ 

■2 

16-43L 

25* 

40-10 

49- 

56-14 

73- 

68-62 

97- 

1^-99 

•3 

i^^ir 

25-5 

40-50 

49-6 

56-42 

73-5 

68-75 

97-6 

78-19 

•1 

^ -B 

Vf823 

26* 

40-89, 

50* 

56-71 

Ti- 

68-99 

98- 

'7«-29 


26-6 

.41-28 

60-5 

56-99 

74-B 

69-22 

98-6 

'TB-eB 

i.6 


27- 

41-61 

51- 

57-27 

75* 

69-46 

99- 

79-60 . 

T . 

17-387 

27-6 

'■42-05 

51*5 

67tj6 

76-6 

69-68 

■ 99-6 

79-9Q-" 


._ : 
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Table D.» 

Fire Streams. 

' Prenura required at nozzle ami at pumo. with ^nantit^and pressure necessary to throw 
Ifood eS«:ti]K streams various distances through different size nozzles, using 100 feet of 
cddlnanr 9l<mch rubber-lined hose and smooth nozzles. 


cddlnary 9|-mch rubber-lined hose and smooth nozzles. 

« Size of Nozzle, | inch. 


J. R.*FltICRMAN. 


--r"~— • "w-.. • 

Pressure at Nozzle, in lbs. per aq. in. 

1 4t) 

50 

no 

70 

80 

00 

100 

Pressure at Tump, „ „ „ 

Impeflal Gsilotu per Minute 

40 

57 

os 

■80 

01 

, 102 

114 

80 

00 

105 

114 

122 

1 129 

186 

Distance thrown Horizontal, in feet. 

44 

50 

54 

.58 

02 

05 

68 

Distance thrown Vertical, „ 

00 

07 

72 

. \.i 

7!t 

81 

83 

• % Size ok Nozzi.k, j inch. 





Piessure at Nozzle, in lbs. per sip in. 

40 ! 

r,o 

00 

70 

HO 

90 

100 

Pressure at Pump, „ „ „ ' 

50 

08 

75 1 

88 

101 

113 1 

188 

Imperial Gallos per Minute . 

118 

182 

144 

150 

107 

177 

186 

D^tance thrown Horizontal, in feet. 

4i) 

1>4> 

01 

60 

70 

74 

76 

Distance thrown Vertical, „ 

62 

71 

77 

81 

Sf> 

88 

90 

Size ok Nozzle, 1 

INCH. 





Pressure at Nozzle, in lbs, ner vq. in. ' 

40 ! 

50 1 

GO 1 

70 

8(t 1 

^ 90 

100 

l^ressure at Pump, „ „ „ 

58 

72 

S7 

lot 

115 ! 

130 ' 

144 

Imperial Gallons per Minute . 
Distance thrown Jlorizonlal, in feet. ; 

154 

178 

ISO 

204 

i«8 

282 

946 

55 ; 

01 , 

07 j 

72 

Hi 

80 j 

83 

Distance thrown Vertical, 

04 

78 

7!t 

S5 

HO 

92 

96 


Size of Nozz -k, l| tnciux 


'Pressure at Nozzle, in lbs. per sq. in. 
Pressure at Pump, ., „ „ 

Imperial Gallons per Minute . 
Distance thrown Horizontal, in feet. 
Distance thrown Vertical, „ 


40 

5l.t 

00 

70 

80 

90 

100 

09 

80 

108 

120 ■ 

138 

165 

172 

127 

221 

241 

200 

270 

296 

312 

50 

o»; 

72 ^ 

77 

HI 

85 

89 

05 

75 

88 

88 

02 

90 

99 


Size op No/zlk 1| inches. 


Pressure at Nozzle, in ll:». per sq. in. 

1 40 

I mt 

00 I 

7(t 

80 

90 

100 

Pressure at Pump, „ „ „ 

Imperial Gallons per Minute . 

1 

: 100 

127 

118 

100 

190 

2U 

246 

' 275 

301 

325 

348 

368 

388 

Distance thrown Iforizontal, in feet. 

1 OS 

70 

! 70 

81 


m 

93 

Distance thrown Vertical, „ 

• 


77 

86 i 

91 

✓ 9.') ' 


lOJ 


Size op NozziiR, inches. 


Pressure at Nozzle, in lbs. per sq. in. 
sFresihre^ Pucip, m » n 
Imperial (’aliens per Minute . 
Distance th ^wff Horizontal, in ftjct. 
Distance thrown Vertical, „ 


40 

50 

00 

70 

80 

i 90 

100 

*1,17 

134 

, 100 

187 

214 

240 

268 

801 

887 

.80!! 

; 308 

426 

462 

476 

00 

78 

70 

SI 

88 

92 

96 

00 

70 

. ~r- 

87 

02 ' 

«7 

100 

103 


The'abo’Ve pressures are based on the supposition th^t th#hose is co|y)led diiect to the 
delivery of the pump; if, however, the hose is coupled to a hydrant which li^pplied direct 
from the pump, then the co’ ( sijonding fire pum^ pressure must be greater th^the hydrant 
pressure by an amount e(iual to friction loss, and difference of head betwfeen hydrant 

^The'^SanpeS given ar?for efeetiuiiTc sti-eamt adapted lor fire purposes, and are not for 
mere isolated drops. 
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ACCUMULATORS, 718 

„ ^iffe1■ential, 720 

„ effect, on pn'ssurc in motoi 

cylinder, 722 
„ • stonm, 720 

Acliard, 6 
Adbesion, 5 

Admixture of HuM in pijJC's, ‘2ir> 

Ah' charffinj^ devices, 026 
„ compressor, 61)2, 706 

flow of,.throu<rli pipes. 11)11|214 
lift pumps, 6‘.il) 

„ „ cflicieney of, 704 

., vessels, 617 
„ „ delivery, 621 

., „ for centnfujj^d ]minp, 616 

„ „ 0 Ti]mmps, 617 

„ „ suction, 617 

AleTauder, 262 
Aimstroii^, Sir W^ 0., 718 
Atmospheric, pres.suiv, ID 

n. 

Baokwatisu function, 219 

Balance cylinders for lifts, 715 

B|j|ancing of end tlirufA in lurluncs, 604 * 

„ ,, „ pumps, 672 

Ball nozzle, 81 

Barit’s lijjll, 4y • ♦ 

Barnes, H. T., 1.^ 54 
Barr, J., 163 

Bazin, 2, 146, 149, 160, 197, 212, 290 

Bell mouth wifiee^U9 

Bends in pipe, lasses, due to, 25! 

„ river, flow round, 330 
Benioulli’s theorem, 73 
Bilton, H. G., 105 ^ 

Borda’s moutbiflcec, 112 . 

„ turbine, 476 

# 


I Bore, 317 

j Bough, vibration of, 4fl 
I Buus'^inesii, 139 • * 

j Boydeu's difTiixu. 477 
I Brake, hydraulic, 782 
1 Bramah, 19 
i Branch mams, 263 
Br<‘ast wheel, 431 
Brighttiiore. 2.53 
Broad cresif'd weirs, 169 
Br(mn, Ilanhury, 132 ^ 

Buckets, design of, for TeHon wheel, 445 
„ form of # „ 445 

„ number of „* „ 446 

Buffer Rt(»]), liydraidie, 782 
i’y'''pas8, How along, 266 


G* 


(’ALUiRATloN of euiiont metefti, 365 
Capillarity, 7 • 

Capstan, hydraulic, 778 
CasicI, 118 • ^ 

Cavitation 600 
Centre of buoyancy, 32 
„ pressure, 26 


„ „ on va n^3 81 ^ 

Centrifugal pumps, 63t^ a 

,. .. air vessel for, 646 

,, circulating, 663 * ^ 

,, balancing of end thrnsti 
672 

.. , Buffalo, 640 

,, chang| of pressure in^ 

662 




compound, 666 
cxamjlfes of design, 676 
for dredg^, 631 
gcnui-al eqiltiou for, COS 
guide vanes, 634,6u/, 664 
Holden and Brook. 643 
MatlKir*^yuohU, 642 





m 


INDEX 


Centrifugal pumps, peMpiieral speed, 667^ 

„ ^ „ Bateau, 643 

„ „ 668 
„ A size fpr given di8chnrs:e) 

668 

„ „ speed for lifting to com" 

mence, 667 

„ „ •* suctionanddeliverypipes, 

64B 

„ SulKer, 6-|6 

„ „ theory of, 646 

„ „ volute chamber, 633 

„ ’ „ whirlpool chamber, 634, 

6.)4, 663 

„ „ Woril::ngton, 63^, 644 

Change of level protluccd by boat, 328 
n II II 

Channel circular, 301 

flow through oj)en, 283 
general equations of flow, 307 
most suitable form of, 298 
of constant mean velocity, 303 
rectangular, 299 
trapezoidal, 299. 
with borii ontal bed, 335 
Chezy, 196, 290 ;i 
Oippoletti, 156 

Circular pipe, viscous flow through, 68 
„ orifice, 130 

Coal hoists, 757 ' 

Coefficient of ^ntractlon, 104,110 
„ „ discharge, 104,1 to 

„ , „ velocity, 104, 108 

„ „~vi8rosity, 11« 

Cohesion, 5 
Coker, E. a, 13, 54 
.expounding of jets, 383 

„ „ confined streams, 384 

, OornpouAiflpumpJn^ 

„ . turbines, 6o9 

* Goc^pt^ibility of water, 3 
(•Contraction of area, 93 
Contraction, suppressed, 106 
Goaverging channels, 79 
Cranes, hydralio, 750 

^ Crane valves, 760 ^ 

^ (Mtioai velocity, 51 « i 

» II ^ chnihiel, 2if7 
Cunningham, O^iptain, 358 
Canrentmet^ 350 ^ » 

* \ » eating of, 365 

Cbr^ weir, 147 ^ 

,.^U^er^ strength gf thick, 88 


1 

I U. , 

D'Alkmbbbt, 2 

Dams, effect on water level, 318 

Damv, 2,195, 211, 290 

Davis, G. J., 267 

D'Aubuisson, 19G, 322 

Deep well pumps, 690 

Delivery pipes for centrifugal jfbmp, 615 

Design of centrifugal Pjimps, e.. 

„ head and tail races, 627 ' 

Diffuser .for turbine, 477 

„ ring for centrifugal pump, GSf, CSS, 
GGl 

Disc friciion, 179 

Discliarge from pipes, measirement of, 217 ' 
„ „ „ varialions in withdUS' 

meter, 221 
„ „ open channel^ 289 

Displacement curves, for reciprocating pumps, 
GOO 

Distribution of velocity in pipes, 211 

„ „ „ open channels 

332 

„ water, 269 

Divergent pipes, loss in, 8t 
Dock cranes, 763 
Dock gate macliinery, 775 
Draught tubes, 433 
Dubuat, 313 
Dufour, 6 

Dynamometer, hydraulic, 792 


K. 

Eddy formation, reason for, 70 
Elasticity of water, 4 

„ „ suction column of pump, 

616 

„ effect of, on water hammer prea 
' sure, 234 '■ ^ 

Enlargement of section, 82 
Equations of motion for a viscons fluid, 68 
EquiUbrium of floating Ibdi^, 32 , •. 
Equivalent diameter of uniform main, 262 
Erosive power of water, 343 * 

Eiilerian equations of motion, 58 
Eytelwein, 2,197, 291 . ■“ 0 

. le 
Fidlee, C., 296 
Fliegner, 644 ' 

Floating bodies, 32 





♦IjSDEX 


8S8 • 

» Bob-BUrfsoe, S59 
ft Burbce, 368 
I ' » twin, 860 ^ 
flotation, (jprve of, 37 
l*low in 8^ pipes, 261 
n in opeiAhannels, 289 


, • *• 


ganging of, 346 
non-uniforni, 211 


„ round river bends, 330 
„ athrongh nozzles, 278 
Fluid, definition of perfect, 13 
„ friction, 174 

Fly - wheel e^ct in turbine regulation 

6?7 

Forging press, 766 
Foumeyron turbine, 475 
Ftanola, 2,14f 487 
Francis turbine, 487 
Freeman, 209 
Friction of U leatliers, 725 
f'roudo, 2,176 
Fteley, 141,144,168, 162 

a. 

Gxlileo, 1 
Ganguillet, 197, 292 
Gates for turbines, 488, 524 
Gauges, 19 

„ differential, 21 
Gauging of flow in open channels, 316 
i» „ ,, „ field 

observations, 347 
„ .. pipes, 217 

„ „ „ ice covered streams, 

364 

Girard turbine, 466, 658 
Goodman, Prof. J., 611 
Govegning of turbines, 516, 665 
Gfadual initiation of pipe flow, 230 
„ std^jpage „ „ 222 

Qri^ical construction for p ressureontjjrbii' 

Guide vanes fft high lift centrifugal pump, 
*J66, 664 

„ „ 1^ for turbine, 460, 506 

Guttermuth valves, 592, 596 

H. 

HaeneZj turbine, 464 
Hagen, 2,196 • ^ 

Head, pressure due to, 16 


races, 527 
Height of jet, 270 
Hele Shaw, 46, 77| 

Hemp DJ'f kings f(y rams, 72f 
Heia^eu^., 734 
Hicks, 725 

High lift centrifugal pumps, 638, 640 
Hoists, 742 • 

Hook gauge, J(i9, 347 
Horse power of pumping engine, 280 
„ through pipe line, 716 
Humphrey gas pump, 708 
Hydraulic appliances, ' 

air compressor, 693, 706 
brake erlSuffer stop, 782 
capstan, 778 
coal hoists, 757 
cranes, 760 
dynamometer, 792 
engine, 571 

Armstrong, 674 
Brotherhood, 571 ' 
Hastic, 673 
port areas^ i)76 
Rigg, 8^ 
theory 675 
forging press, 766 
gradient, 247 
jack, 762 
jigger, 760^ 
lifts and hoists, 742* 
loc^^gatc machinery, 775 
mean depth, 194 
minings 409 
penstocks, 776 
presses, 18, 764 
pump, 600 
ram, 683 

„ diagraj^e^oqj, 684, 692 
„ Decoeur’s, 689 
„ efficiency of, 686 • 

for air compression, 699 
„ Pearsall’s, 691 
„ sources of loss, 687 
recoil cylinders, 787 • 
relays, 617 ^ 

riveters, 772 
transmission 779 

of Aem, 710 


of euSgy at Haq 
Aester, 71IJ 
of energy iu ]%d 
• 713 


udoz 





810 


Hydraulic transmission'lolaes in use, 717^^ 
„ c „ losses, 715 » 

Hydraulicing, 409 { 

Hydromctric p^dulutn, ll(?3 


Ice covered streaK’S-* gauging of, 361 
.; formation, 528 
Impaet of jets, 366 ^ 

Initiation of motion, 210 
Injector hydrant, 61)8 
Intensifiers, 724 
Inverted syphuii, 278 


Jack, hydraulic, 702 
Jets, 36<) 

actual force of in>pact, 370 
„ compounding of, 383 
., distributioti of pressure across, 374 
,, form of, 123 

from n6edle nozzle, 451) 

.. impact of, 36^ 

.. on sl^i-ioiiary vanc't. 307 

„ „ on curved vanes, 301) 

,. „ on surface of revolution, 301) 

„ „ on single moving vanes, 376 

„ .. normal on stationary vanes 

367 - 

„ ofelique on stationary ^vaiies 

368 * ^ 

„ propulsion. 404 

„ pump, 693 
Jigger, hydraulic, 750 
^onval turbine, 479 
Jotsc, 704 
JowkovY^fc^ 239 c 


ijogl^rithmic homol^^, 5jl 
T^ong pipes, 261 
Longridge, H., 214 
Losses at bends and elbows, 251 
„ at exit, 258 ^ 

„ at sudden enlargements, 8^ 
„ at tee bran(;hes, 255 
„ at valves, 249 
„ in pipelines, 24^ 261 


Manning, 292 
Masonry dams, 31 

lifoan velocity in open channels, 342 
„ ,, in pipes, 213 

Moasnrement of pipe discharge, 217 
Meissner, 484 
Metacentre, 33 
Motacentric licight, 33 
Meters, current, 350 
„ water, 727 
M(‘unicr, 469 
Milling, liydniulic, 409 
Motion of a viscous fluid, equations (J, 68 
„ initiation and stoppage of, 21U 
Multiple supply, 265 


Kbnnbdt, 345 
Kutter, 197,292 . 

L. 

fcLAwnf comparison M orifices, 135 
„ „ ^ pumps, GfiS 

Lawford, 202 ^ 

Leakage in p^ps, 694 
Leatfer collars f6r i n ms, 725 

l^ist of symbols, xviL 


Nbw Amoncan turbine, 513 
Niagara turbines, 477, 491 
Normal motion of submerged plane, 380 
„ impact of jet, 367 
Notch, flow over, 137 
„ rc<;tangular, 138 
trapezoidal, 155 
,, triangular, 151 
Nozzles, ball, 81 

flow through, 273 
„ needle, 469 * 

„ ring, 280 


OnutjitE impact on plate, 3G? 

„ motion of submerged plane. GSS 

Oil, How of, 210, 211! ■» V 

Open cliannela, How in, 28H 
1 . „ ailliii;;, of, ;Hr. 

Orifice, bell mouthed, 11!) 

„ in flat pla^, 115 
„ s large rectangnlar, 12? , 

„ „ circular. 130 



INDEX 
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Orifice partially |abmerge(i, 134 
„ small, 102 
^ Bibmergwl, 107,133 

^QQ6 of discharge from, 121,170 
»O^iilations of ship, 36 
Overshot ftc 


Pigjps, gas, 708 ^ • 

„• hydraulic, 600 
„ jet, 603 I 
„ '•'^iprocatjng, 682 

M h^w, 581 
„ separation in, 606 
Pump valves, 591 


PA»in;i} ^cels, 403t 
Parallel plates, flow between, CG 
Peassall’s hydraulic ram, 691 
Pelton wheel, 285, 439 

„ form of buckets, 445 

„ immber of buokcls, 44C 

* „ 8pec<l regulation of, 285, 447 

.. theory of, 442 

Pieaometcr, 19 
Pipe flow, 19^246 
PijKSS, strength of, 38 
„ convergent, 55 
„ divergent, 81 
„ trumpet-shaped. 87 
Pipe line loavSC.s, 246 
„ „ accessories, 271 


„ „ distribution sy.«(oms, 273 

Pipes in parallel, 267 

„ maximum jiower through, 286, 716 
multiple supi)ly, 265 
Pitot tube, 217, 362 
Planes, normal motion of, 386 
„ oblique motion of, 388 

Poiseuillo, 2, 195 
l orcelct wheel, 435 
Press, hydraulic, 19, 764 
J’rcssurc at a point, 16 
„ energy, 73 

„ change of, across stream lines, 95 

„ exerted on jdane by jet, 381 

gauges, 19 , • 

rt^inciple of angular inomontuin, 58 
„ litiear momentum, 58 
1 . conscrvatj&ii of energy, 68 • 

Plfl^, 1%, 291* 

Propulsion of ^’f*p8, jet, 404 
„ „ screw, 402 

1 , ^ # power for, 404 

Pumping raacbiriery, 579 
Pumps, air lift, 699 

„ air veasels on, 617, 621^ 

„ centrifugal, ti30 
„ deep w#Il, 590 
„ drum, 627 


Radial flow779 
Ham, hydraulic, 683 
„ water, 232 
Raiikinc, 2, 393 
Uatcau, 643 

Rating of eurrent^rifi'ters, 355 
„ „ Pifot tul)es,220, 302 

Uecipi'oeuting pumps, 582 

»* .1 coeffieient of discharge 

of, 600 

•, displacement curves, 
600 

efflciency of, 626 
leakage^rid slip in, 
591* ^ 


V mtf^mum speed of, 608 

sepvation in, 606 
theory of, 601 
types of, 582 

•1 ,, VJilves, 591 

>. ^variation of pressure 

in, G04 

Recoil eylind(^s, 787 • 

Rectangular notch. 138 
„ orifl<v, 128 
Reducing valve, 273 
Relays for governors, 517 
Relief valves, 521,723 
Resistance of ships, 393 
Resultant pressure, 26 
Reynolds, Osborne, 6, ^ 198, 792 
Kiefller, 596 
Ripples, 361, 419 

Rise in water level produced by dam, 167 
bridge piers, 326 
vessel, 328 


Riveters, hydraulic, 772 
action, 391 • 
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Sand pumps, 631 • 

„ flow of|i210 
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Scoop wheel, 679 ^ 

Scott Kussellf^OG 

Scouring and silting of channels, 343 
Screw propulsicffi, 402 

„ pump, 631 IT 

Sewers, 306 

Ships, resistance of, 393 
r „ propulsion di, 401 

t» ^^t^ility curve, 3+ ^ 

„ metacentric height, 33 
,, oscillations of, 3(5 
„ suction between, 32'J 
Side wheel, 432 
Silting, 343 

Similar orifices, 136 * 

„ pumps and turbines, 603 
Slip in pumps, 694 
Sluice valv('s, 776 
Small orifices, 102 
Smeaton, 431 

Smith, Hamilton, 2,10.6, 111 
Snoqualmic Falls, 601 
8pe<^ regul^^ion of Pelton wheel, 286,417 
„ „ ■ turbines, 516 

Standing waves, 3.f:, 314 
Stand pipes, 620, .>64 
Stanton, 216, 389 

Steam-hydraulic forging press, 770 
Steams, 141,144 
Stevinus, 1 * 

Stoppage by J:,radual closing of valv^25 
„ ■ of motion in pipe uuifcSn born 

222 


Stream lines, 45"* * 

„ „ change in pressure across, 96 

( „ line motion, 44, 65 
„ rating curves, 363 

Submerse bodies, resistance to motion of 

. ■ 

„ orifices, 107, i:’,a 

• „ weirs, ]fi7 

Baction between ships, 320 
„ pipes for pumps, 043 
„ tube, 483 

fill j(lcn oonitaction of area, 93 

„ enlargement of cross section, 82 
„ initiation., „ , 240 • , 

„ stoppage pipe flow, l32 ' ^ 

Biippressed contraction, 106 • 

Burfece tens^n, 7 « 4, * 

Siw^j^jipes, 620! 664 
fluepension bearing, 482, 491 # 
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^jpjpn, 278 

„ inTerted, 278 

T. 

Tail race, 627 
Taper pipes, loss in, 84 
Tee brancli—losses at, 266 
Thomson, James, 152, 496, 606 « 

Threltall, 214 . 

Thrupp, 20.3, 296, 361 f Z’ , 

Time of discharge from notches, 171 
„ „ „ small orifices, 131 

„ „ „ through pipe line, 26 

Torricelli, 1 

'fransmissibility of pressure, ^8 
Transraiffflion of energy (hydraulic), 710 * 
Trapesoidal weirs, 166 
Trumpet-shaped pipes, 87 
Triangular weirs, 151 ® 

Turbines, American type, 611, 557 

„ balancing of end thriut, 604, 564 

Barker’s mill, 471 
„ Borda, 476 

classification of, 401 
„ comparison of, 563 

compound, 609 
,, Cone, 483 

„ fiy-whccl efffect, 667 

Foumeyron, 476, 51S 
Francis, 487 
Gates, 438, 524 
Girard, 466, 668, 

„ governing of, 61.6, 66.6 

„ Haeiiel, 464 

„ Impulse, 464, 558 

„ Jonval, 479 

• lt«ses in, 647 
New American, 513 
, Niagara, 491 

pressure, 47^ 

Samson Lcifel, 614 
.. Shawinigan, 490 ‘ 

Snoqualmie Fu^ls, 603 
theory of, 630 • 

Thomson, 496 • 

,, Victor, 512 

,, A^ortex, 496 ^ ^ 

Tutton, 203 


U. 

Undekshot wheel, 434 
Gnw^, 166,180, ^2 « 

Utilization of water powers, 42^ 
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ValT6d, loines due to, &c., 249 
pmap, 591 
n reducing, 233 
^ 621, 723 

Van Iter8on^221 
Vanes, turbine, curvature of, 552 
_ ^ ^ effect of thickness, 650 

velocity ci™Bhl, 61, ^7 
„ ^ of approach, 120,142 
„ of flow in open channels, 343 
„ mean in pipe, 213 

„ „ in open channel, 337 

^ mid depth, in open channel, 342 
Vena c&ntraota,t02 
Venturi, 2 

„ meter, 81, 734 

Vessel, chan^ of level around, 328 
Victor turbines, 612 
“Viper,” 407 
Viscosity, 11 
Viscous flow, 68 
Volute chamber, G33 
Vortex chamber, 634 
„ compound, 08 
„ forced, 96 
„ free cylimlrieul, 26 
„ free spiral, 97 
„ motion, 95 
Vortices, 46 

W, 

WaVer, adhesion of, 6 
„ bulk, modulus of, 3 
„ cohesion of, 6 
„ compressibility of, ‘1 
„ density of, 3 


Wiyi^r hammer, 23l 

„ hoisting from mines, 68^ 

„ deters, 7271 

•„ DeaAn, |34 • 

M „ infe»ntiaf, 730 
„r» low fwessure, 728. 

, „ positive reciprocating, 733 

n „ rotary, 731 
meters, Fenturi, 81,734 
„ physical properties of, 2 
„ powers, utilization of, 422 
„ ram, 232 
„ viscosity of, li 
„ weight of, 3 
„ wheelM, 422 
,. „ bre&^, 431 

„ overehot, 426 
„ „ Pelton, 439 

„ Poncelet, 435 
„ „ Sagebien, 432 

„ „ undershot, 434 

" Waterwitch,” 407 
Wave-making resistance, 396 
Waves of oscillation, 416 
„ „ translation, 41^ 

„ velocity of, 415, 417, 
standing, 312, 314 
Weirs, broad-crcstcd, 169 
,, Cippoletti, 156 
„ curved, 147 » 

„ rectangular, 138 

submer^d, 157 
., tmpczoidal, 155 
„ triangular, 161 

„ use of as measuriag ^pliance, 168 
Weisbach, 2, 197, 252 
Whirlpool chamber, 634, 664 
White, Sir W., 396 
WiUiams, G. B., 162, 21^ m, 
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